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Low-methyl esterified pectin with a degree of methylation of 33% was
shaped into continuous textile fibres via wet spinning with a calcium
chloride coagulation bath. The resulting fibres exhibit mechanical
properties approaching those of viscose and show promise as bio-
based, scalable, and green-produced alternatives to conventional
man-made fibres.

Introduction

European consumption of textiles has the fourth-highest
impact on the environment and climate change, constitutes
one of the top three pressures on water and land, and ranks
within the top five for raw material use and greenhouse gas
emissions." Moreover, approximately 65% of globally produced
textile fibres are synthetic, characterised by limited recyclability,
non-biodegradability, and prolonged lifespans, all of which
contribute to persistent microplastic pollution and long-term
environmental impacts.> Biobased fibres (e.g. cotton, hemp,
linen) and man-made cellulosic fibres (MMCFs, e.g., viscose,
modal, lyocell) are viable alternatives to synthetics, generally
associated with a reduced environmental footprint—particu-
larly in terms of greenhouse gas emissions, reliance on fossil-
based precursors, and end-of-life biodegradability.> However,
these textiles are almost always produced from virgin biomass
(wood or agricultural streams), raising questions about the
overall process sustainability and the responsible management
of natural resources.**

In this context, shifting to biomass already in circulation is
a way to reduce pressure on virgin resources and foster a more
circular textile economy. Ideally, textile production should
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In an era of resource scarcity, the textile industry remains heavily reliant
on virgin materials, leading to significant environmental burdens. This
work demonstrates a wet spinning process for pectin-based fibres,
offering an alternative to conventional synthetic or resource-intensive
fibres. With pectin extracted from agricultural by-products, and mild
wetspinning conditions, the work addresses resource efficiency and opens
for circular production, thus aligns with sustainable development goals 12
(responsible consumption and production) and 9 (industry, innovation,
and infrastructure). The resulting fibres exhibit mechanical properties
approaching those of conventional man-made fibres, presenting a solu-
tion toward more sustainable textile materials. Overall, the described
study exemplifies how resource-efficient approach can reduce reliance on
virgin feedstocks, paving the way for a greener textile industry.

operate in a closed loop, sourcing precursors from biomass
today considered waste (e.g. biorefinery side streams) and
engineering them into high-quality, durable fibres that are
either recyclable or biodegradable. To meet these requirements,
the spinning processes and production of man-made fibres
could be effectively designed, and in alignment with the key
principles of green chemistry.® Natural biomacromolecules (like
polysaccharides and proteins) are available in large quantities
and are relatively easily tunable for spinning. Recently,
cellulose-rich agricultural biomass (e.g. pineapple and banana
leaves, wheat straw),®” keratinous waste from slaughterhouses
(e.g. fur, feathers and low-quality wool),*® and marine-derived
biopolymers such as alginate and chitin/chitosan (from, for
example, seaweed and shrimp shells)'*** have gained attention
for textile production. Nevertheless, there is one biopolymer,
not yet explored in textile applications, that is a leading example
of resourceful utilisation of circulating biomass: pectin.

Pectin is predominantly extracted from citrus peels or apple
pomace which are abundant by-products of the food industry.”
The extraction process is well-established, yielding a high-purity
biopolymer and contributing to waste valorisation." The food-
grade pectin is further used as a texturiser and gelling agent."
It has also found numerous applications in biomedicine, drug
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delivery systems, wound healing dressings, and tissue engi-
neering scaffolds."* Due to its gel-forming capability, pectin
shows potential to be shaped into textile fibres via wet spinning.
Specifically, low-methyl-esterified (LM) pectin, which undergoes
simple, divalent-ion-driven gelation, could be suitable for an
environmentally friendly, aqueous-based wet spinning
process.*>*® Furthermore, biocompatible pectin could be func-
tionalised with bioactive compounds and further used in
medical fiber applications."”” However, research into these
properties remains limited. Aside from a 1997 patent exploring
LM pectin with the degree of methylation (DM) below 15% and
amidated LM pectin with DM below 50% and degree of ami-
dation (DA) below 40%, spun from neutral polymer dope into
calcium-based coagulation bath (30% CaCl,),"® investigations
have largely been confined to small-scale electrospinning and
solution blow spinning trials using additives."**°

Here we present the process utilising LM pectin with a 33%
DM, dissolved in an acidic environment (pH 3) and continu-
ously wet spun into textile fibres through stable coagulation in
10% (w/w) CaCl,. We communicate the results of research that,
if taken further, could open up for efficient and tunable textile
fibres with the potential for a wide range of applications,
including (but not limited to) biomedical fibres or functional
textiles. Furthermore, the presented solution relies on abun-
dant by-products and offers mild processing conditions and
minimal chemical inputs, reinforcing the sustainability poten-
tial of pectin-based textile fibres.

Experimental

Materials

Not-standardised LM pectin (DM: 33%, GPC recorded Mw: 108
000 g mol™ ') was kindly provided by Cargill SAS (Baupte,
France) and used as received. Hydrochloric acid (1.0 M),
calcium chloride, and ethanol (96%) were purchased from
Fisher Scientific. A commercially available textile conditioner
(Neutral, Unilever) was used as a fibre finish.

Fibre spinning

Pectin was added to a portion of acidified water, with HCl added
for pH 3.0, dispersed and kept for 60 min in a vacuum below 10
kPa and at 40 °C. Thereafter, the mixture was transferred to the
closed reactor with the remaining solvent for the final polymer
concentration of 6% (w/w), offering a practical balance between
dissolution efficiency, viscosity, and spinnability. Then, pectin
was heated to 60 °C and stirred at 200 rpm for 60 min using
a propeller shaft. Dissolution was controlled with optical
microscopy (Nikon ECLIPSE Ci-POL, Nikon Instruments Co.,
Ltd, Tokyo, Japan), while the spinnability of the prepared
solution (i.e., spinning dope) was assessed with a stress-
controlled rheometer (Nova, Rheologica Instruments AB, Swe-
den). A more detailed description of the analytical assessment
of spinning dope is given in ESL T

A bench piston pump setup was used for fibre spinning. The
filtered dope (20 pm filter mesh), heated in the pump shaft to
50 °C, was extruded via a 100-hole spinneret with a capillary
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diameter of 60 pm each and a length-to-diameter ratio (L/D) of 1.
The extrusion speed was set up to 3 m min~'. The neutral
aqueous solution of 10% (w/w) CaCl, at room temperature (RT)
was used as a coagulation bath. The fibres were collected on the
take-up rollers (@ 10 cm) for 12 turns, with a draw ratio of 2.1.
The initially water-washed rollers with fibres were stored in (i)
a deionised H,O0, (ii) a mixture of EtOH/dH,0 at a ratio 2: 1 (w/
w), and (iii) EtOH over 96 h (with triple medium exchange), to
wash the excess of salt and assess the effect of these media on
fibre properties. Afterwards, rollers with washed fibres were
immersed in 0.17% (w/w) aqueous conditioner for approxi-
mately 5 minutes and finally dried with airflow at a maximum of
80 °C (Dyson Supersonic™, Dyson, UK).

Fibre properties

The fibre samples (out of rollers) were conditioned overnight
and tested at a temperature of 20 & 2 °C and a relative humidity
of 65 £ 4%. Linear mass density and mechanical properties of
the fibres were assessed with a Vibroskop-Vibrodyn set-up
(Lenzing Instruments, Lenzing, Austria), where measured titer
(tex) is further applied to assess parameters such as tenacity (cN
per tex) and modulus. Twenty separate measurements were
performed for each sample.

Fibre morphology and alignment

The spun fibres were washed with different media and analysed
using scanning electron microscopy (SEM) in a JEOL 7800F,
with an accelerating voltage of 5 kV. Secondary electrons were
used for imaging in the SEM. The working distance was 10 mm.
Before imaging, 1.6 nm of Pt was deposited on the surface of the
fibres to avoid charging during imaging. Sample cross sections
were ion milled in a JEOL IB-19520CCP broad ion beam (BIB) at
4 kV and cooled to —60 °C. The fibres were glued to a glass
substrate, and 4.4 nm of Pt was deposited before BIBing.

The brightfield and polarised microscopy images were
collected with a Nikon ECLIPSE Ci-POL (Nikon Instruments Co.,
Ltd, Tokyo, Japan) polarised light microscope (POM), equipped
with Nikon TV-lens (C-0.38x) digital camera. Images were
captured with Nikon NIS-Elements BR software, with exposure
time set to 15 ms for bright-field and 1 s for POM. Individual
filaments were fixed with double-sided tape to microscopic
slides and oriented 45° relative to the direction of the micro-
scope polarisers; once captured, the orientation of fibres in
POM was changed to 90°. In each case, light adjustment for
sharp images was conducted only in bright fields.

Results & discussion

To obtain a spinning-grade solution of LM pectin with a rela-
tively high degree of methylation (33%), the pH of the aqueous
medium was decreased to approximately 3.0. Under these acidic
conditions, the carboxyl groups of pectin become protonated
(pH of solvent < pectin pK, ~3.5),%* thereby reducing electro-
static repulsion between polymer chains, improving molecular
chain alignment and resulting in a solution rheology suitable
for wet spinning.*** To enable solvent penetration into polymer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The picture of (a) 33% DE pectin initial mixed with pH 3.0
aqueous medium, with visible polymer clumps, (b) picture of the same
sample as in (a), after vacuum impregnation, and (c) microscopic
image of the final solution, with polymer concentration of 6% (w/w),
showing very good dissolution of pectin (no crystals/particles
observed in dope under the microscope).

agglomerates formed at the beginning of dissolution, pectin
mixtures were stored in a vacuum. This resulted in uniform
impregnation of polymer (with solvent) and particle-free, well-
mixed solution at the pectin concentration of 6% (w/w), as
presented in Fig. 1. However, regardless of good dissolution, the
viscosity of the prepared pectin solution was too high to allow
spinning at room temperature. The conformational order (ergo,
the viscosity) of LM pectin under acidic conditions is tempera-
ture-dependent.**** Thus, rheological analyses were performed
over a range of temperatures to determine the optimal condi-
tions for pectin dope extrusion. As summarized in ESI and
Fig. S1, the 6% (w/w) solution of 33% DM pectin at pH 3
exhibited predominantly viscous behaviour (G” > G') at both 50
and 60 °C. Since the complex viscosity at 60 °C was too low for
wet spinning, the pectin dope was heated to 50 °C before
extrusion. The rheological properties of the pectin dope at the
spinning temperature are presented in Fig. 2.

The extrusion of the pectin dope at 50 °C through a 100-hole
spinneret (each hole ~60 pm in diameter) into a 10% (w/w)
aqueous CaCl, bath at room temperature led to immediate
fibre formation. This rapid transition is considered the result of
two key factors:

(i) The ionotropic gelation of LM pectin in the presence of
divalent cations, which is particularly pronounced when the pH
shifts from ~3 (below the pK, of pectin in dope) to neutral
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Fig. 2 Rheological properties, i.e., dynamic moduli and complex
viscosity as a function of the oscillatory frequency of 6% 33DE pectin
solution at 50 °C.
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conditions (above the pKj, in the coagulation bath). Upon this
transition, carboxyl groups of pectin deprotonates (-COOH — -
COO") facilitate interaction with Ca®>" and characteristic ‘egg-
box’ complexation between paired pectin molecules;**>**

(ii) The enhanced conformational ordering of the pectin
molecules, caused by the sudden temperature drop (from 50 °C
in the dope to RT in the coagulation bath).

Although a more thorough analysis of possible spinning
conditions and their relation to fibre formation is necessary, the
herein applied conditions surely yield a stable fibre structure.

The coagulated filaments were picked up at a draw ratio of
2.1 (48.4% stretch) and collected on rollers. The spinning
process is shown in ESI in Fig. S2.f To remove the excess
calcium chloride, the collected fibres were washed for a pro-
longed time (96 h); three types of washing baths, ie., dH,O,
EtOH/H,0 (2: 1, w/w), and EtOH, were tested. The application
of ethanol was followed by the literature suggestion that alco-
hols improve final properties and separation of pectin fibres.*®
However, such treatment has proven insufficient, as fibres
produced herein fused without the possibility of separating
filaments (ESI and Fig. S3t). Thus, to improve filaments sepa-
ration, washed samples (all three baths) were further treated
with commercially available surfactant (0.17% aqueous solu-
tion) and dried; after conditioning, the filaments separation
and final feeling of fibres were considerably improved, as pre-
sented in Fig. 3d.

The properties of produced samples, in relation to the tested
washing bath and choice of biobased man-made fibres, are
summarised in Table 1. Fibres washed solely in water exhibit
marginally higher elongation and tenacity than those washed in
ethanol/water or ethanol. Importantly, these results suggest

Fig. 3 Pictures of spun pectin fiber washed in H,O: (a) top surface of
fibre, taken with SEM at x1000 magnification, and x5000 focus
highlighted with dashed circle; (b) cross-section of the fibre at x2000
magnification; (c) POM image recorded at 45 (main picture) and 90
(left corner) degree orientation of fibre to polarizers; (d) spun, condi-
tioned and dried fibre with magnification on separated filaments.
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Table 1 Summary of properties of spun pectin fibres vs. reference
biobased fibres

Tenacity (cN

Washing bath Titre (dtex) Elongation (%) per tex)
Man-made pectin fibres (this study)

H,0 1.6 £ 0.2 14.2 £ 0.8 18.2 £ 0.7
EtOH: H,0O 1.7 £ 0.2 12.5 + 2.8 16.5 = 1.8
EtOH 1.7 £ 0.1 13.8+1.4 15.8 £ 1.2
Reference biobased man-made fibres (literature values)

Viscose®® 1.3-22 15-30 18-35
Alginate®®?’ n.a 4-8 8-14
Chitosan®**® 1.4-1.7 6-10 6-25

that pectin fibres can be safely washed with water without
affecting the final performance of the material. This is specifi-
cally important from the economy and sustainability point of
view, as relying on water-only washing further minimises the
price and chemical footprint of potential scaled processes.
Furthermore, the tenacity of pectin fibres washed with water
(18.2 cN per tex) approaches the lower boundary of viscose's
characteristic range (18-35 cN per tex), whilst the elongation
(14.2%) is slightly below typical viscose levels (15-30%).2
Importantly, the mechanical performance of pectin fibres
exceeds typical values reported for alginate (8-14 cN per tex)>*?’
and compares favourably with chitosan fibres (6-25 c¢N per
tex).”**® Considering that alginate and chitosan fibres are
already established in biomedical applications, such as wound
dressings or tissue scaffolds,* the superior mechanical prop-
erties of pectin fibres highlight their promising potential within
similar biomedical contexts. While further optimisation is
needed, appropriate post-spinning treatments could position
pectin-based fibres competitively within the broader bio-based
fibre market. The collected samples were analysed in SEM to
assess if the type of washing bath affected the structure of
produced pectin fibres. The non-smooth surface was observed
for all the analysed samples. However, in comparison to fibres
treated with alcohol (ESI, Fig. S47), the morphology of water-
washed samples is relatively more uniform, as presented in
Fig. 3a.

The serrated cross-sections of water-washed pectin fibres
slightly resembled those of viscose.**** In viscose, such
morphology is well-documented and contributes to known
mechanical and sorption characteristics of the fibre. For the
newly developed pectin fibres, it is necessary to further inves-
tigate the spinning process to understand if its optimisation
could result in more controlled structures and potentially more
predictable properties.

The alignment of collected samples was assessed using
POM. Although naturally occurring citrus pectin exhibits low
crystallinity (ca. 6%),"” all spun fibres showed characteristic
birefringence, as in the example in Fig. 3c, suggesting some
degree of internal ordering. At this stage, no direct correlation
between the washing medium and fibre orientation could be
established, as all samples presented similar characteristics
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(ESI and Fig. S51). To further clarify how spinning conditions
influence molecular alignment and properties of pectin fibres,
more in-depth structural analysis is needed.

Conclusions

This study demonstrates that low-methyl esterified pectin with
a 33% degree of methylation can be effectively transformed into
continuous textile fibres using a wet spinning process. Adjust-
ing the solution's pH to approximately 3.0 and employing
vacuum impregnation enabled the preparation of a uniform
spinning dope with a polymer concentration of 6%. The
resulting fibres, particularly those washed solely in water,
exhibited tenacity values (18.2 cN per tex) approaching the lower
limit of the viscose range. This suggests that fine-tuning process
parameters could yield properties closer to established man-
made cellulosic fibres. Moreover, the observed birefringence
and serrated cross-sections indicated internal ordering, high-
lighting the potential for further improvement of fibre struc-
ture. Furthermore, a deeper understanding of the underlying
dissolution and coagulation mechanisms is necessary to guide
more precise control over fibre morphology and mechanical
properties. Although additional optimisation is still required,
these findings establish a promising foundation to further
develop pectin-based textile fibres.
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