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, industrial-like production of
transparent cellulose films by means of the Lyocell-
type Ioncell® process†

Eva González Carmona, a Inge Schlapp-Hackl, a Kaarlo Nieminen,a

Wenwen Fang, ab Seppo Jääskeläinen,c Kalle Salonen,d Hannes Elmer,e

Helena Westerback, a Herbert Sixta a and Michael Hummel *a

A semi-continuous and industrial-like process to produce regenerated cellulose films, based on the

Ioncell® technology, is demonstrated. The demand for commercial films, mainly fossil-based, is

immense and expected to triple by 2060. This overconsumption leads to drawbacks like fossil reserves

depletion and environmental pollution. Therefore, finding sustainable alternative processes compatible

with existing industrial operations to produce films from renewable materials like cellulose is crucial. The

films herein presented are generated by extruding a cellulose–ionic liquid solution through a distribution

plate (DP) and slit nozzle into an aqueous coagulation bath, via an air gap. This study evaluates how

different DPs and slit geometries affect the extrusion process and the film properties. Moreover, an

automated continuous washing and drying system has been successfully implemented. The produced

films are thin (13–17 mm), homogeneous, highly transparent (89–91%) and strong. The use of DPs

resulted in very strong films (242 MPa, 10% elongation at break) but led to extrusion instabilities. Trials

without any DP were stable, with films showcasing tensile strengths of 226 MPa and 9% elongation at

break. Additionally, a numerical simulation was performed to understand the effects of the DPs and

spinnerets' geometry on the dope flow.
Sustainability spotlight

Developing sustainable processes to produce biodegradable lms from renewable materials, as an alternative to commercial synthetic lms, is crucial. This will
reduce the dependence on petrochemicals and the environmental impact, such as carbon footprint and microplastic pollution. In the presented work, we
demonstrate a semi-continuous process that is compatible with existing industrial operations to produce high-quality pure cellulose lms. These lms are thin,
homogeneous, highly transparent, and strong, showing great potential for applications such as packaging, membranes, and battery separators at industrial
scale. Our work aligns primarily with the UN Sustainable Development Goal Responsible Consumption and Production (SDG 12) and also addresses Industry,
Innovation, and Infrastructure (SDG 9) and Climate Action (SDG 13).
Introduction

In 2019, the global plastic production reached 460 Mt, with
only 9% of it being recycled.1,2 As a result, most plastics were
landlled (50%), incinerated (19%), or even mismanaged
(22%). 22 Mt of waste leaked into the environment, including 6
Mt into aquatic environments.2 With time, these plastics
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disintegrate into microplastics, which pose great threats to
ecosystems, animals, and human health.3,4 The plastic
consumption is expected to nearly triple to ca. 1230Mt by 2060,
yet the recycling rate would only reach 17%.2 In Europe, 54 Mt
of plastics were produced in 2023, of which 19.2% were recy-
cled.5 Despite a higher recycling rate compared to the global
average, the amount of waste is still immense, and mainly
accounts for single-use-plastic (SUP). To address this pressing
issue and promote the development of eco-friendly alterna-
tives from renewable materials, such as cellulose, the Euro-
pean Commission issued the SUP Directive in July 2021,
prohibiting or restricting certain SUP products if sustainable
substitutes are available.6 Regenerated cellulose bres and
lms produced with the viscose and Lyocell processes were not
considered as plastics and are, thus, not affected by the
Directive.7
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Cellulosic lms have been commercially available since
1924, under the tradename Cellophane.8 Although it was widely
displaced by polyolen lms in the 1980s, Cellophane kept
a small market share as packaging, tapes and battery separa-
tors, among others.9–11 Despite being considered more
sustainable than synthetic lms due to the natural origin and
renewability of cellulose, the production is based on the viscose
process, where the cellulose is treated with carbon disulde to
produce cellulose xanthate, an intermediate derivative that is
soluble in caustic soda. Carbon disulphide and sulphurous
byproducts present a risk for the environment and human
health.12–15 Therefore, sustainable and eco-friendly alternatives
for the production of cellulosic lms are needed.

Intensive research has been carried out to develop new
systems to generate cellulose lms via direct dissolution of
cellulose. Thin and transparent lms have been produced using
various solvents, such as lithium chloride/N,N-dimethylaceta-
mide (LiCl/DMAc),16–18 tetrabutylphosphonium hydroxide
(TBPH),19 dimethyl sulfoxide/tetrabutylammonium hydroxide
(DMSO/TBAH),20 sodium hydroxide/urea solutions (NaOH/
CO(NH2)2),17,21,22 and N-methylmorpholine N-oxide mono-
hydrate (NMMO$H2O).10,23–25 Imidazolium-based ionic liquids
(IL), e.g., 1-allyl-3-methylimidazolium chloride [amim][Cl], 1-
ethyl-3-methylimidazolium chloride [emim][Cl] and 1-ethyl-3-
methylimidazolium acetate [emim][OAc], among others, have
been also investigated.26–29 However, most of these solvents
systems pose severe challenges for up-scaling because efficient
solvent recycling strategies are costly or lacking. NMMO is the
only direct cellulose solvent that is recycled on a larger indus-
trial scale. Yet, lms produced via the NMMO-based Lyocell
process are not commercially available.10,23,24

In our previous study, a continuous process for the produc-
tion of cellulose lms based on the Ioncell® technology was
successfully established.30 This Lyocell-type process was initially
developed by researchers at the University of Helsinki and Aalto
University for the generation of high-quality man-made bres
using superbase-based ILs as cellulose solvent.31 The process is
based on 1,5-diazabicyclo[4.3.0]non-5-enium acetate ([DBNH]
[OAc]), a non-derivatizing cellulose solvent that allows both
dissolution and spinning at lower temperatures compared to
the NMMO-based process, signicantly reducing cellulose
degradation.31–33 Earlier studies have indicated good recycla-
bility of this and related solvents.34–36 It was shown that by
adjusting different parameters of the continuous dry-jet wet
spinning process, such as extrusion and take-up velocity, air gap
distance, coagulation bath temperature, cellulose concentra-
tion and spinning temperatures, thin and transparent lms
could be obtained. Particularly, lms with thicknesses between
12 and 21 mm could reach tensile strengths up to 210 MPa in
longitudinal direction, in comparison to 125 MPa found for
commercial cellophane.11,30 Moreover, as the cellulose remains
unmodied during the process, the obtained lms are exemp-
ted from the SUP Directive.7

The consequent next step was to investigate the effect of the
spinneret geometry on the properties of the generated cellulose
lms. It is known that different shapes, aspect ratios, entrance
cones and diameter holes of the spin capillaries affect the
3110 | RSC Sustainability, 2025, 3, 3109–3120
spinnability and bre properties for the nal man-made cellu-
losic bres. For instance, Michud et al. explored the impact of
the hole diameters on the bre tenacity in the Ioncell® process:
higher diameters (200 mm) generated bres with lower tenac-
ities than smaller diameters (100–150 mm).37 Hauru et al.
demonstrated that bigger aspect ratios (L/D) of the spin capil-
lary increased the bre orientation compared to shorter L/D.38

More recently, Moriam et al. reported that the bre toughness
(up to 83.3 MPa) was improved by increasing the capillary
length.39 Besides, the entrance cone and the shape of the
spinneret (circular and rectangular) were tested, resulting in
bres with even higher toughness (93 MPa) when a small
entrance angle (8°) and rectangular-shaped spinneret were in
use.40 Mathematical simulations were conducted along these
two studies to have a better understanding of the impact of the
geometry on the ow of the cellulose solutions inside the
spinneret.39,40

In this study, we continue the development of the process for
the production of cellulose-based lms via dry-jet wet spinning.
The effect of the spinneret geometries on the mechanical
properties and morphology of the obtained lms was investi-
gated, and the behaviour of the cellulose solutions inside the
spinnerets was simulated with computational models. In
particular, the slit dimensions, entrance cones of 4, 8 and 13°,
and the effect of different distribution plates on the ow
behaviour were investigated. Additionally, an automated
continuous washing and drying line was successfully imple-
mented. Herein we present high-quality cellulosic lms gener-
ated by means of a sustainable and semi-continuous process
with strong potential for industrial scale-up, as an alternative to
commercially available lms.
Experimental
Materials

Birch pre-hydrolysis kra (PHK) dissolving pulp (Enocell,
406 mL g−1, 93.2% cellulose and 6.3% hemicelluloses; Mw =

131.05 kDa,Mn= 52.16 kDa, PDI= 2.51, DP < 100= 6.08%, DP >
2000 = 7.38%; brightness = 90.8%) from Stora Enso (Finland)
was provided in sheets and ground into a ne powder using
a Fritsch mill. [DBNH][OAc] was synthesized by slowly adding
an equimolar amount of acetic acid (100%, C2H4O2, CAS: 64-19-
7, M: 60.06 g mol−1, Merck, Germany) to 1,5-diazabicyclo[4.3.0]
non-5-ene (99%, DBN, C7H12N2, CAS: 3001-72-7, M: 124.19 g
mol−1, abcr GmbH, Germany) at 70 °C, while stirring continu-
ously to prevent the ionic liquid from solidifying.31 Origin
soware41 was used for the creation of the numerical graphs in
the Results and discussion section.
Dope preparation and rheology

Cellulose solutions, also called dopes, of 13 wt% dry pulp
consistency were prepared by direct dissolution of the pulp in
melted [DBNH][OAc] in a vertical kneader at 80 °C under
constant stirring (30 rpm) and vacuum pressure (<100 mbar).
Aer 120 minutes, the remaining impurities and undissolved
solids were removed by ltering the dopes using a hydraulic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ltration unit (metal lter, 6 mm nominal mesh size) at 80 °C
and 180 bar.42 The rheological properties of the solutions were
investigated using an Anton Paar Physica MCR 302 rheometer
equipped with a 25 mm parallel-plate geometry and 1 mm gap.
Oscillatory shear measurements from 60 to 90 °C, with a 1%
shear strain and a frequency range of 0.01 to 100 rad s−1 were
preformed to determine the storage modulus (G0), loss modulus
(G00) and complex viscosity (h*).43 Anton Paar Rheocompass
soware was used to calculate the crossover points of the
dynamic moduli (G0 = G00) for each temperature44 and the zero-
shear viscosity ðh*0Þ, following the Cross model and assuming
the validity of the Cox–Merz rule.45 The ow curve of a cellulose
dope was measured using a capillary rheometer to cover high
shear rates. The viscosity under high shear was measured using
a Netzsch Rosand RH7 capillary rheometer equipped with a two-
bore system consisting of a capillary die and an orice die,
which was used to correct the entrance pressure drop using the
Bagley correction,46 ensuring accurate measurement of the true
shear stress. The capillary die had a diameter of 1 mm and
a length of 20 mm, while the orice die had the same diameter
with a length of 0.25 mm. The cellulose solution was shaped
into cylinders with a diameter of 1–1.5 mm and solidied in
a refrigerator before loading into the barrel of the rheometer.
Measurements with the capillary rheometer were performed at
75 °C across a shear rate range from 20 to 10 000 s−1. The
pressure drop across both dies was recorded, and the apparent
viscosity was calculated using the Hagen–Poiseuille equation.
Additionally, the Rabinowitsch–Weissenberg correction47 was
applied to account for the non-Newtonian nature of the dope,
adjusting the apparent shear rate to the true shear rate.

Film production

The cellulose solutions were converted into lms by the use of
a customized dry-jet wet spinning unit (Fourné Polymertechnik,
Germany) described initially by Sixta et al. for the production of
textile bres, and further optimized to create lms in our
previous work.30,31 The dope was positioned in a vertical cylinder
at 80 °C and melted before the targeted spinning temperature
(75–85 °C) was adjusted. The solution then passed a triple layer
lter plate (280/170/100 mesh), a breaking plate, a distribution
plate in some cases, and was extruded through different slit
nozzles at a rate of 0.229 m min−1. The lms coagulated upon
immersion in a cold water bath (10–14 °C) aer passing a 1 cm
air gap and were guided to a motor-driven Teon collecting roll
at a speed of 0.723 m min−1, providing a draw ratio (DR =

collecting speed/extrusion speed) of 3.2. Aerwards, the lms
were washed to remove the remaining ionic liquid and dried
Table 1 Geometry of the spinnerets studied (S4, S8 and S13) in compar

Spinneret code Height (mm) Length (mm) W

S4 16 70 2
S8
S13
FS30 1 60 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
following two different methods. Small batches of lms were
attached to a smooth glass surface, submerged in a water bath
at 60 °C for 30 minutes and dried in an oven for 25 minutes at
40 °C. For lms of at least 20 meters, a continuous washing and
drying unit was designed and constructed to simulate
a continuous industrial process.

Three spinnerets of different geometry (Table 1 and Fig. S1–
S3†) and three distribution plates (Table S1 and Fig. S4†),
provided by Elmer GmbH, Austria, were tested and their effects
on the produced lm properties were analysed. For each
different combination of the spinnerets, both with and without
DPs, three separate extrusion trials were performed. The spin-
nerets were not tempered and, instead, were heated passively
through the cylinder and the spin dope owing throw them.

Continuous washing and drying

A commercial roll-to-roll lm production requires a continuous
washing and drying set-up following the lm extrusion unit
operation. For this reason, a simplied industrial-like contin-
uous washing and drying line operating under constant stretch
was designed and constructed (Fig. 1). Regenerated cellulose
lms are extruded and collected for 30 to 60 min (20 to 40 m in
total), and then placed immediately on a motor-driven feeding
roll (b) located inside a 300 L water bath at 40–45 °C (a). The lm
passes through a set of freely rotating rolls until it reaches the
heated drying drum at 40–45 °C (d) and is nally collected dry in
a motor-driven collecting roll (e). The stability of the process is
controlled by a tension control system (c), consisting of three
freely rotating rolls situated outside of the water bath, where roll
(2c) is equipped with a moving weighted arm (297.1 g) and
a position sensor, while rolls (1c) and (3c) are used to stabilize
the lm. Water is continuously poured on top of rolls (1c), (2c),
and (3c) to prevent the lm from drying, which would not only
deteriorate further ionic liquid removal, but would also create
instabilities in the process due to differences in the stretch-
ability between wet and dry lms. All the rolls were 3D printed,
except for the stainless-steel drying drum. The roll dimensions
are gathered in Table S2.†

For process automatization, a soware was developed to
control the dimensions and direction of the motor-driven rolls,
the process speed and the temperature of the drying drum. The
speed of the process (up to 400 mm min−1) is set by the col-
lecting roll. The feeding speed is automatically adjusted
depending on the position of the sensor of roll (2c). If roll 2c
moves upwards, the lm is overstretched due to the feeding roll
(b) moving slower than the collecting roll (e). This is then
counter-balanced by an increase in the feeding speed. Similarly,
ison to the flat spinneret (FS) used in our previous work30

idth (mm) Entrance cone (°) Capillary length (mm)

50 4 2.4
8 1.2
13 0.3

50 90 1.0

RSC Sustainability, 2025, 3, 3109–3120 | 3111
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Fig. 1 Scheme of the continuous washing and drying unit, where (a) represents the water bath for the washing step, (b) themotor-driven feeding
roll, (c) the tension control system, (d) the heated drying drum and (e) the motor-driven collecting roll.
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if roll 2c moves downwards, meaning that collecting is slower
than feeding, a decrease in the feeding velocity is triggered. This
tension control and velocity adjustment is vital to ensure
a constant and homogeneous stretch in the lms.

Numerical simulation

The ow of the cellulose solutions through the spinnerets and
distribution plates was simulated by COMSOL Multiphysics 6.2,
a nite element soware covering a wide range of different
physics and engineering applications. Particularly, the Fluid
Flow section of the soware contains the Single-Phase Flow
subsection with the Laminar Flow physics interface, which was
assessed appropriate to describe the ow under scrutiny.

The nite element method breaks the region being analysed
into smaller, regular subdomains called elements, and the
entire collection of these elements forms a mesh. In the case of
the ow of the dope through a spinneret, the nite element
method solves the Navier–Stokes equations locally for each
element and combines the local solutions into an approxima-
tive global solution. Hence, the solution ow velocities and
shear rates distributions inside the spinneret were simulated,
and the work done by shear forces on the dope was calculated as
described in Section 6.1 of the ESI.†

Mechanical properties

The tensile properties of the spun cellulose lms were
measured according to the standard ISO 527-3:1995, with
modications made to the testing speed, and specimen and
gauge lengths. These measurements were performed by the use
of an MTS 400 tensile testing device using a 200 N cell and
a speed test of 12 mmmin−1. The lms were conditioned at 23 °
3112 | RSC Sustainability, 2025, 3, 3109–3120
C and 50% RH overnight preceding the measurements, and
their thickness was determined by a Mitutoyo IP 65 micrometre,
based on the ISO 4593:1993 standard. The samples were then
cut into specimens with a xed width of 15 mm and a length
that depended on the direction of the measurement: for
machine direction (MD; in direction of extrusion) tests, the
specimen length was xed to 100 mm and the gauge length for
the measurement to 60 mm, whereas for transversal direction
(TD; perpendicular to the direction of extrusion), the sample
length depended on the width of the original lm and the gauge
length was set to 20 mm. For each sample, ve specimens were
tested. The Young's Modulus and toughness48 were calculated
using Matlab.49 For the data analysis, the Grubbs' test was
applied to identify outliner values.50
Wide angle X-ray scattering (WAXS)

The X-ray diffraction patterns of the lms were recorded in
transmission mode at reduced pressure (P = 0.2 mbar) by
means of a Xenocs Xeuss 3.0 CuKa X-ray instrument (50 kV, 0.6
mA and l = 1.5406 Å). The device was equipped with a 2D
Dectris Eiger2 R 1M detector, with a detector-to-sample distance
of 56 mm. The data was then processed using pyFAI soware
package51 and the Hermans' orientation factor and crystallinity
index were calculated as described earlier.30 A blank run was
performed to determine the background prole (Ibkg(q)), which
was then employed to smoothen the recorded scattering proles
with a Savitzky–Golay lter and to calculate the crystallinity
index (CI):

CI ¼
Ð
IðqÞdq ​ � Ð

IbkgðqÞ dqÐ
IðqÞdq​ (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The azimuthal intensity prole of the diffraction peak (110),
preferred orientation for regenerated cellulose II, together with
the overlapping (110)/(020),52 was tted by a Pseudo–Voigt
function, and then the orientation distribution between the
(110) lattice plane (f110) and the bril axis was calculated:

�
Cos2 f110

� ¼
Ð p=2
0

Iðf110Þsin f110 cos
2 f110 df

Ð p=2
0

Iðf110Þsin f110 df
(2)

which was then converted to the disorientation between the
bril and the crystallographic c-axis:

hCos2 fic = 1 − 2 hcos2 fi110 (3)

Lastly, the Hermans' orientation factor was determined:

fWAXD ¼ 3hcos2 fic � 1

2
(4)

Transparency

The optical transmittance of the lms was measured in the
visible light spectrum, 400–800 nm, by a Shimadzu UV-2600
spectrophotometer.53
Fig. 2 (a) Double-logarithmic plot of the loss and storage moduli, and (
frequencies from 0.01 to 100 s−1, at the extrusion temperatures. (c) Stre
(black), S8 (red) and S4 (blue), without distribution plate, from 13 wt% cell
curves of films produced using a combination of spinneret S13 and distr
distribution plate DP3 (blue), and spinneret S4 and distribution plate DP3 (

© 2025 The Author(s). Published by the Royal Society of Chemistry
Washing efficiency

The amount of residual nitrogen in the lms is correlated with
the efficiency of the washing step to remove the ionic liquid
from the samples. It wasmonitored via elemental analysis using
a Thermo Fisher Flash Smart CHNSO Elemental Analyzer with
helium as a carrier and sulphanilamide (C6H8N2O2S, CAS: 63-
74-1, M: 172.2 g mol−1, N = 16.29%, C = 41.81%, H = 4.65%,
Merck, Germany) as standard, in accordance with the standard
EN 15104:2011.
Results and discussion
Rheology of the cellulose solutions

The rheological properties of the cellulose solutions, governed
by the concentration and temperature of the dope, have been
proven as a signicant factor for the extrusion stability and the
properties of the nal products, for both bres and lms.30,31,37

For the production of high-quality lms from 13 wt% cellulose
solutions, the optimum zero-shear viscosities were in the range
of 8000 to 19 000 Pa s and cross-over points (COP) of 3900–4200
Pa at angular frequencies of 1.3 to 3.4 s−1.30 Therefore, for this
study lms were extruded at temperatures from 75 to 85 °C,
which corresponded to zero-shear viscosities of 14 600 ± 700 to
b) complex viscosities (h*) of the 13 wt% cellulose solutions at angular
ss–strain curves in MD of films produced by the use of spinneret S13
ulose solutions at the different spinning temperatures. (d) Stress–strain
ibution plate DP1 (black), S13 and distribution plate DP2 (red), S13 and
green), from and 13 wt% cellulose dopes at the extrusion temperatures.
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8800 ± 400 Pa s and a COP of 4300–4400 Pa at angular
frequencies of 1.8 to 3.2 s−1 (Fig. 2a and b).

The mathematical simulations of the ow of a 13 wt% dope
through the spinnerets were based on its shear viscosity at shear
rates from 0.01 to 35 000 s−1 and at 75 °C, tted to a cross-uid
model (Fig. S5†).
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Effect of the spinneret geometry on the extrusion stability and
mechanical properties

The effect of the spinneret geometry on the extrusion speed was
evaluated by controlling the spinning temperature to maintain
a constant zero-shear viscosity of the dopes. When a at spin-
neret without entrance cone (Table 1) was used, the maximum
extrusion velocity was low. Speeds above 0.133 m min−1 led to
melt fracture, caused by high shear rates between the dope and
the spinneret walls, which resulted in deformations on the
surface of the extrudate, also known as shark skin.30,54–56 With
this geometry, lms could be collected at a constant speed of
0.356 mmin−1 (DR = 2.7). In contrast to these observations, the
conical geometry of the nozzle slits examined in this study
(Table 1 and Fig. S1–S3†) allowed for up to six times higher
extrusion rates without negatively affecting the surface of the
lms. However, higher extrusion and, consequently, higher
take-up velocities, were partly impeded due to technical limi-
tations posed by the laboratory-scale coagulation bath and
motor-driven collecting roll. Instabilities were encountered at
high take-up velocities. Thus, all experiments in this study were
conducted at an extrusion speed of 0.229 m min−1 and
production speed of 0.723 m min−1 (DR = 3.2).

In our previous study using a at spinneret, thin (12–21 mm)
and homogeneous lms were obtained, with stress values in
MD up to 142 MPa with 9% elongation at break from a 13 wt%
cellulose solution, and up to 210 MPa and 8% elongation at
break with an 8 wt% dope.30 These properties already surpassed
those of commercial uncoated cellophane, which presents
stress values of 125 MPa and 22% elongation with a lm
thickness between 21–31 mm.11 Herein, by the introduction of
spinnerets with an entrance cone before the spin capillary, the
mechanical properties (Tables 2 and S3†) could be further
improved.

The spinnerets with three different conical entrance chan-
nels (S4, S8 and S13) were designed to have a more uniform ow
of the solution, which supports the alignment of the cellulose
chains during the extrusion process. Within the studied range
of entrance cone angles no signicant effect on the mechanical
properties was observed for solutions with high viscosities (14
600 ± 700 Pa s). However, having an entrance cone was clearly
benecial for the strength of the lms, that reached values of
218–226 MPa with 9% elongation, when spun at 75 °C. When
extruding solutions at low viscosity (8800 ± 400 Pa s), spinneret
S4 led to lms with the highest mechanical properties (192 ±

3 MPa and 13 ± 1% elongation at break), while those extruded
with S13 exhibited the lowest (175 ± 6 MPa and 12 ± 1%
elongation at break). This suggests that at low viscosities, the
alignment of the cellulose chains in the nal lm is improved
by smaller entrance cones. At low viscosity (high temperature)
3114 | RSC Sustainability, 2025, 3, 3109–3120 © 2025 The Author(s). Published by the Royal Society of Chemistry
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the average relaxation time for the cellulose chains in solution
is shorter. Thus, shear induced orientation can get lost before
the structured solution is coagulated in the spin bath. A lower
entrance cone angle results in relative higher shear stress and
strain (Fig. 3a). Within the time that the extruded lms need to
pass the air gap, the oriented cellulose chain relax to a lesser
extent and the orientation is preserved in the lms. Regardless
of the spinning viscosity, all the lms produced with the conical
spinnerets from 13 wt% cellulose solutions exhibited between
29 and 58% higher tensile strength compared to the previous
research.30

In the air gap, the lms are stretched in longitudinal direc-
tion but not in transversal direction, which leads to anisotropic
mechanical properties. The mechanical properties in TD fol-
lowed an inverse trend compared to the MD values: lms
produced at higher temperatures displayed slightly higher
tensile strength and strain values (79–83 MPa with 32–40%
elongation at 85 °C) compared to those extruded at lower
temperatures (71–74 MPa with 27–29% elongation at 75 °C). In
any case, the stress–strain behaviour is reproducible with small
Fig. 3 (a) Simulated shear rates and (b) shear power densities of the conic
is important to note that FS is not in scale with the others: the diamet
distributions of the entrance cone and channel in S13 and S4 with and w
plotted because of their mirror symmetry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
data scattering for all temperatures and spinnerets examined.
In contrast, lms spun from 13 wt% solutions through a FS
spinneret showed TD values between 50 and 88 MPa with 13–
34% elongation (Table S3†), when extruded at high and low
viscosities, respectively.30 In other words, the values in TD dis-
played high standard deviations illustrating inhomogeneities in
the lm production. The new spinneret design helped to over-
come this issue.

All produced lms illustrated a cellulose II pattern (Fig. S6†),
with peaks at 12.2° (1–10), 19.9° (110), 21.6° (020) and 35.2°
(004).57 The Hermans orientation factor and the crystallinity
index of the lms generated by the three conical spinnerets,
without distribution plate, are summarized in Table 2. By
increasing the dope zero-shear viscosity from 8800 to 14 600
Pa s, the MD tensile strength enhances from 175 to 226 MPa at
the same time as the orientation of the lms improves from 0.38
to 0.54. In contrary, the MD strain diminishes from 13 to 9%. As
mentioned earlier, a high viscosity (low temperature) of the
solution during spinning leads to more oriented structures, and
therefore, stronger but stiffer lms with reduced elongation at
al spinnerets (S13, S8 and S4), in comparison to the flat spinneret (FS). It
er is much smaller (Table 1). (c) Simulated shear rates and (d) power
ithout the studied DPs. Only half of the length of cone and channel are
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break. Furthermore, as orientation increases, the lateral inter-
action between crystallites decreases, leading to a loss in
transversal strength.

The ow of the cellulose solution through the conical and
at spinnerets has been simulated to gain a better under-
standing of the internal stress acting on the dope. The spin-
nerets used in this study all have extrusion channels with a high
L/D-ratio, that is the length of the channel is several times
greater than the width (Fig. S3† and Table 1). Because of this, we
may assume that the ow remains constant along the length
direction of the spinneret. Therefore, the calculations can be
simplied to a two-dimensional cross-section parallel to the two
vertical surfaces that dene the geometry's lateral boundaries.
Combining the data obtained with the plate–plate and the
capillary rheometers, it was possible to t the viscosity data of
the 13 wt% dope spanning six orders of magnitude of shear rate
with the cross-uid model (Fig. S5†). This t allowed for the
simulation of the ow velocity distributions in the spinneret
channel, illustrated in Fig. S7.†

In the case of dry-jet wet lament spinning, cellulose chain
orientation is predominantly determined by the draw of the
laments in the air gap.37 In addition, the shear stress inside the
spin capillaries can induce chain pre-alignment,40 resulting in
a transition from a random-coil conformation into one that is
more aligned with the streamlines in the entrance cone and
spin capillary (Fig. S8†).

A study on the simulation of the ow inside spinnerets with
entrance angles ranging from 40 to 90° for the production of
bres reported that angles over 40° created “dead zones”,
regions where the dope ow was impaired, reaching the biggest
“dead region” when a 90° entrance cone was used.58 The
entrance angle of the conical spinnerets examined herein are
signicantly smaller than 40°, therefore the shear rates inside
them are more homogeneous, as illustrated in Fig. 3a. The at
spinneret described in our previous work could be considered
as 90° entrance cone, which would explain the lower chain
orientation and ow instabilities observed at higher extrusion
speed.

Among the conical spinnerets, S4 presents higher shear
rates, and therefore, shear powers (Fig. 3b and Table S4, see ESI
6.1† for denition), along the walls of the spinneret. This might
not have a signicant effect on the chain orientation compared
to S8 and S13 at high viscosities, but it might explain the higher
tensile values obtained at lower dope viscosity, as observed in
Table 2.
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Effect of the distribution plates in the lm spinnability and
mechanical properties

When applying draw onto a lm in the air gap, the elongation in
longitudinal direction causes a contraction in transversal
direction. The contraction causes structural changes along the
lm width, which can affect the mechanical properties of the
nal lm. Therefore, a set of three distribution plates were
craed in a further attempt to have a better control of the
cellulose solution ow inside the spinneret and the air gap, to
possibly obtain higher cellulose chain orientations, and
3116 | RSC Sustainability, 2025, 3, 3109–3120 © 2025 The Author(s). Published by the Royal Society of Chemistry
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stronger and wider lms. The number, dimensions, and
distances of the holes (Fig. S4 and Table S1†) control the supply
of dope across the length of the spin channel. The effects on the
mechanical properties, lm thickness and morphology are
collected in Table 3.

The use of the distribution plates certainly inuenced the
cellulose chain orientation and tensile properties. When spun
at 75 °C, the combination of S13 and DP1 generated lms with
tensile strength up to 239MPa and 9% elongation at break, 10%
stronger than the lms produced by S13 without any distribu-
tion plate. The use of DP2 with S13, marginally increased the
average tensile strength to 242 MPa and 10% elongation.
However, with both combinations two issues arose. First, they
led to unstable extrusion due to the introduction of air bubbles
in the dopes, which caused the formation of small holes across
the entire continuous lms; and second, the thickness of the
lms showed a higher variation. The two exterior holes on each
side of DP1 and DP2 (Fig. S4†) were expected to improve the
width of the lms due to the increased amount of dope on the
sides of the spinnerets. However, it caused the lms to be
thicker on the sides compared to the centre. The thickness
values in Table 3 corresponded to measurements performed at
the centre of each lm. The later issue was solved with DP3,
which increased the ow by adding more equidistantly posi-
tioned holes and led to lms with homogeneous thickness. The
air bubbles in the dope, however, increased, worsening the
extrusion stability to the point of breakages during the lm
collection. Regarding the mechanical properties, the created
lms exhibited the same stress values (217 MPa), with only
a small increase in elongation (10%) compared to the lms
spun without the distribution plate. Reducing the cone size
from S13 to S4 in combination with DP3 showed no improve-
ments. The mechanical properties declined in strength and
elongation in MD (206 MPa and 8% elongation at 75 °C). The
stress–strain behaviour in machine direction of the lms
generated by the use of the DPs is illustrated in Fig. 2d. For all
combinations of spinneret and DPs examined, the stress–strain
behaviour in transversal direction were not greatly affected and
were in the same range as the lms produced without DP.

When DPs are used, the previous assumption of uniform
ow over the length of the spinneret is no longer valid and
Table 4 Mechanical properties, thickness, width, transmittance and elem
using a distribution plate, when washed and dried manually and in conti

Properties
Films –
washing

Mechanical properties MD stress (MPa) 218 �
MD strain (%) 9 �
TD stress (MPa) 71 �
TD strain (%) 29 �

Thickness (mm) 16 �
Film width (cm) 3.5 �
Transmittance at 800 nm (%) 91.17 �
Elemental analysis N (%) 0.078 �

C (%) 39.88 �
H (%) 6.25 �

© 2025 The Author(s). Published by the Royal Society of Chemistry
a third dimension must be added to the simulation of the ow.
Fig. 3c and d show the simulated shear rates and shear power
densities in the 13° and 4° spinnerets, respectively, with and
without the ow regulating plate at the inlet. The entrance holes
in the distribution plates result in a decrease in the shear forces,
causing an interruption of the ow and further the introduction
of defects in the lms during the spinning.

The geometry of the studied spinnerets and the use of
distribution plates did not inuence the crystallinity values of
the lms (35–36%), which was in line with the lms analysed in
our previous work (34–38%) and with Ioncell® bres reported
earlier (32–36%).30,40,59 The introduction of the distribution
plates generated lms with slightly higher orientation factors
(up to 0.59) than the lms produced without them (0.54), which
align with the small increase in the tensile strengths (242 MPa
and 226 MPa, respectively).

Continuous washing and drying

The optimum washing and drying velocity, set by the collecting
roll, was found to be 375–385 mm min−1 for this set-up. This
speed provided completely washed and dried lms.

The effect of the water bath temperature and the length of
the washing path on the washing efficiency was studied. In our
previous work, 60 °C was the lowest temperature that removed
the ionic liquid effectively from the lms, without affecting the
shape, when washed attached to a glass surface and immersed
in a small water bath.30 Therefore, temperatures from 40 to 60 °
C were tested in the continuous washing line, and the lms
were then subjected to elemental analysis to measure the
residual nitrogen content. Due to the bigger volume of water,
a temperature of 40 °C is enough for efficient removal of the
ionic liquid from the lms.

The length of the washing path is an important factor when
scaling-up and dimensioning the equipment. The shortest
possible path that successfully removed the IL from the lms
had a total of 225 cm (5.8–6.0 min), where 72 cm (1.9 min) were
inside the water bath.

Lastly, the drying process starts instantly when the lms
leave the water and continues for 292 cm (7.6–7.8 minutes). The
lms were guided towards the drying drum, where they were
attached to for a total of 184 cm (4.8–4.9 min). The drum surface
ental analysis values of the films produced with spinneret S13, without
nuous mode, respectively

manual Films – continuous
washing and drying Initial PHK pulp

8 219 � 5 —
1 8 � 1 —
4 62 � 1 —
4 23 � 3 —
1 17 � 1 —
0.1 3.1 � 0.1 —
0.13 88.80 � 0.47 —
0.005 0.073 � 0.007 0.010 � 0.001
0.42 40.10 � 0.41 41.86 � 0.02
0.07 6.23 � 0.08 6.22 � 0.06
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Fig. 4 Photograph of the films washed and dried by the use of the
continuous unit (left) and manually (right) over a wood log.
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was evenly heated to 40–45 °C,30 and was driven by the collecting
roll (e). The drying temperature was adjusted, depending on the
ambient temperature and the relative humidity.

In summary, the optimal conditions for the continuous
washing and drying unit were a speed of 375–385 mm min−1,
a temperature of the water bath and the drying drum of 40–45 °
C, a length of 72 cm inside the water bath, and a drying length
of 292 cm. Table 4 gathers the properties of the lms produced
with spinneret S13, without a distribution plate, at 75 °C when
they were washed and dried either manually off-line or in
continuous mode. The thickness (16–17 mm) and the mechan-
ical properties were not affected by the automated system in
longitudinal direction (218–219 MPa), and only slightly in
transversal (71–62 MPa). However, some shrinking was
observed in the lm widths (3.1–3.5 cm), resulting from the
constant stretch of the lms along the continuous line.
Regarding the lm transparency, the lms from the washing
and drying line exhibited a slightly lower transmittance value
(88.8%) compared to the off-line lms (91.2%), due to the fric-
tion of the lms with the drying drum during the drying step.
Regardless, the transparency is still very high, as shown in
Fig. 4, and in the same range of cellophane.22,60,61 Lastly, the
automated washing line also demonstrated high efficiency, as
the residual nitrogen content within the lms is lower than
when they are washed manually.

Conclusions

In this study, the inuence of the spinneret geometry and the
ow inside the spinneret on the morphology and mechanical
properties of the cellulose lms was assessed. A mathematical
simulation was performed to support the understanding of the
ow behaviour of the cellulose solution. For 13 wt% dopes, the
lms produced through spinnerets with a conically shaped
entrance cone prior to the capillary channel (entrance angle of
4, 8 and 13°) presented a great increase in orientation and up to
58% higher strength compared to the lms obtained in our
previous work with a at (entrance angle 90°) spinneret (142 to
3118 | RSC Sustainability, 2025, 3, 3109–3120
226 MPa). The numerical simulation showed that the entrance
cones led to higher shear rates and power inside of the spin-
nerets, leading to a higher orientation of the cellulose chains
parallel to the shear stress tensor. This pronounced molecular
orientation was preserved in the resulting coagulated lms, in
particular at higher extrusion temperatures, that is lower solu-
tion viscosities. Moreover, the addition of distribution plates
slightly improved the chain orientation of the lms and their
mechanical properties (up to 242 MPa) when combined with
S13, but the extrusion stability was impaired. Further optimi-
zation of the hole number, dimensions and distribution in the
distribution plate could prevent the formation of air pockets
which led to the extrusion instabilities and defects in the nal
lms. Lastly, a continuous line for washing and drying the lms
was constructed and optimized. The residual IL was removed
efficiently, and the resulting lms exhibited very high trans-
parency, similar thickness, and equal mechanical properties as
the lms washed off-line.
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