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1 | INTRODUCTION

Kerstin Jedvert' © |

Tobias Kéhnke' ® |

Abstract

In this study, the underlying mechanism for improved spinnability when mixing
lignin and cellulose in solution was investigated. Co-processing of lignin and cel-
lulose has previously been identified as a potential route for production of inex-
pensive and bio-based carbon fibers. The molecular order of cellulose contributes
to the strength of the fibers and the high carbon content of lignin improves the
yield during conversion to carbon fibers. The current work presents an additional
benefit of combining lignin and cellulose; solutions that contain both lignin and
cellulose could be air-gap spun at substantially higher draw ratios than pure cellu-
lose solutions, that is, lignin improved the spinnability. Fibers were spun from
solutions containing different ratios of lignin, from 0 to 70 wt%, and the critical
draw ratio was determined at various temperatures of solution. The observations
were followed by characterization of the solutions with shear and elongational vis-
cosity and surface tension, but none of these methods could explain the beneficial
effect of lignin on the spinnability. However, by measuring the take-up force it
was found that lignin seems to stabilize against diameter fluctuations during spin-
ning, and plausible explanations are discussed.

KEYWORDS

cellulose and other wood products, extrusion, rheology

fibers are produced from very expensive and fossil-based
starting materials. Thus, less expensive, and preferably bio-

Carbon fiber reinforced composites are an attractive replace-
ment of traditional construction materials, such as steel, as
the high strength of carbon fibers enables an overall reduc-
tion in weight.1 A few examples, where the use of carbon
fiber reinforced composites may lower the environmental
impact, are electric windmills,” concrete,’ and vehicles.**
Carbon fibers consist of more than 92% carbon and they are
produced from polymeric precursor fibers which are
converted into carbon fibers through thermal processes.®
However, the majority of the current commercial precursor

based raw materials for carbon fibers are sought for. Recent
research has shown great promise in carbon fibers produced
from a combination of lignin and cellulose.”® The advantage
of using lignin and cellulose is that they are both bio-based
and abundant materials, thus enabling a less expensive car-
bon fiber.? Furthermore, in such carbon fibers, cellulose con-
tributes with high strength and lignin with high carbon yield
after the conversion into carbon fibers.'*'!

As cellulose does not melt, lignin-cellulose precur-
sor fibers must be produced by solution spinning. To
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perform solution spinning, the polymers must first be
dissolved in a common solvent and ionic liquids (ILs)
have been found to be a promising group of solvents.
1271% Dry-jet wet (air-gap) spinning, a type of solution
spinning that includes extruding the solution via an
air-gap into a coagulation bath, has proven to be a
suitable method to manufacture lignin-cellulose
fibers.'>'*

During air-gap spinning, the fibers are stretched
by increasing the take-up velocity with respect to the
extrusion velocity. The ratio of the take-up and extru-
sion velocity is known as the draw ratio. Particularly
during air-gap spinning of cellulose solutions, a high
draw ratio may improve the mechanical properties of
the fibers'® since the solution is stretched in the air-
gap, and the polymers thus are oriented within the
fiber before coagulation. The maximum achievable
draw ratio before filament breakage, denoted critical
draw ratio, is limited due to instabilities that may
occur during spining.'® The different breach mecha-
nisms during air-gap spinning of a lignin-cellulose
solution were recently studied in our lab. The critical
draw ratio was determined and optically analyzed at
different temperatures, and two dominating mecha-
nisms were found.!” At colder temperatures, in this
case below 60°C, the filaments were proposed to
undergo a cohesive breach as the stored elastic stress
in the filament exceeded the breaking stress, and at
warmer temperatures, above 60°C, the break-up was
found to be caused by draw resonance, which induce
diameter fluctuations in the filament.

Furthermore, in our previous work, it was noted
that the addition of lignin to an IL-cellulose solution
facilitated higher draw ratios during spinning.'® How-
ever, this increase was not quantified and it remained
unexplored as to the reasons why the lignin-cellulose
solutions could be stretched a lot more compared to
neat cellulose solutions. This lack of understanding
stresses the need to study the solutions in more
detail. Consequently, the present work investigates
the effect of addition of lignin to a cellulose solution
on the properties of the solution, linked to its spin-
ning performance. The critical draw ratio during
air-gap spinning was mapped for several solutions,
combinations of cellulose and lignin dissolved in
EMIMACc, and temperatures. The solutions were eval-
uated with shear and extensional rheology, as well as
surface tension. The take-up force during spinning
was also measured with increased draw ratio. The
information obtained contributes to better under-
standing of the air-gap spinning process in general
and is thus useful for designing stable spinning
processes.

2 | EXPERIMENTAL

2.1 | Materials

Softwood Kraft lignin was received from Bickhammar
Pilot Plant (Bickhammar, Sweden) where it was isolated
through the LignoBoost method using industrial black
liquor."® Softwood dissolving grade pulp, Buckeye v67,
was purchased from Georgia Pacific (Atlanta, GA). The
intrinsic viscosity was determined to 465 ml/g according
to ISO 5351. The IL solvent 1-ethyl-3-methylimidazolium
acetate (EMIMACc, Aldrich 95%) was used as received.

2.2 | Dissolution

Before use, the lignin was passed through a 0.5 mm sieve
and dried overnight at 60°C in 100 mbar. Pulp sheets were
chopped, ground, and dried overnight at 40°C prior to disso-
lution, the pulp is hereafter referred to as cellulose. Lignin
and cellulose were combined at three different ratios (30%,
50%, 70% lignin). Two neat cellulose samples were also pre-
pared for reference; with the same cellulose concentration as
the lignin containing solutions (8 wt%) and with the same
total solids concentration as the 30% lignin solution (11.4 wt
%), see Table 1. Lignin and cellulose were dissolved together
in EMIMACc at 70°C for 1 h in a closed reactor with overhead
stirring at 30 rpm. Successful dissolution was confirmed by
no visible particle in the solutions in optical light microscopy
equipped with crossed polarizers. Deaeration was done at
60°C below 10 kPa pressure for at least 5 h.

2.3 | Rheology of solutions

The solutions were analyzed through oscillating
rheometry on a CS Rheometer (Bohlin Instruments,
Cirencester, UK) equipped with a cone/plate-geometry
(25 mm/5°) to obtain the temperature-viscosity relation
for each spin dope. Master curves for the complex viscos-
ity and shear moduli were created according to
time-temperature-superposition method described by
Metzger,' and only the horizontal shift factor, ar, was
used. The zero shear viscosity was calculated by fitting
the master curve of the complex viscosity to the Cross
Model, after 5, was set to zero, (using Matlab
Curvefitting tool) according to Equation (1).%

_ Mo
n= m (1)

where 7 is the complex viscosity, #g is the zero-shear vis-
cosity, K is a time constant, y is the shear rate, and n is a
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TABLE 1 Composition of prepared solutions
Sample name Cellulose, wt% Lignin, wt%
LOC8 8 0
L30C8 8 3.4
LOoC11.4 114 0
L50C8 8 8
L70C8 8 18.7

Measured force (N)

X9 Y _

Spinning set-up with force measurement.

FIGURE 1
Filaments passed over a godet roll attached to a lever before
collected at the take-up rolls. A tensiometer was attached on the
lever where indicated (measured force) [Color figure can be viewed
at wileyonlinelibrary.com]

power-law exponent. Since small strains, 0.01, were
applied and thereby within the linear viscoelastic region,
the viscosity is expected to follow the Cox-Merz rule.*

2.4 | Spinning of filaments

The solution was spun in a bench-scale spinning equip-
ment, which consists of a piston pump, spin bath, and
take-up rolls according to Figure 1. Six different tempera-
tures of the dope were used, from 30 to 105°C, evenly dis-
tributed with 15°C increment, as well as one additional
spinning at 68°C only for L50C8 to locate the maximum
critical draw ratio in some detail. Solutions were tem-
pered for 45 min before spinning at each temperature.
Extrusion was performed through a multi-filament die
(4 holes, 150 pm capillary diameter, L/D 3) over an air-
gap of 10 mm into a spin-bath of deionized water at
5-10°C. Calculations showed that, at the conditions in
the coagulation bath, the thermal diffusivity is substan-
tially faster than the mass transport, therefore, it can be
assumed that the filaments, regardless of the temperature
of the spinning solution, obtain the temperature of the
coagulation bath virtually instantaneously. Extrusion
velocity was fixed at 4 m/min. Take-up speed (v) during
spinning was increased incrementally, with stable spin-
ning conditions in between increments, until filament
breach. The speed at which the first and last filaments
broke was noted. When the first filament broke, it may

Applied Polymer_wiLEy_|

Lignin ratio, % Total solids content, wt%

0 8

30 11.4
0 114
50 16
70 26.7

be due to imperfections in solution, such as air bubbles
or other inhomogeneities. The breakage of the last fila-
ment was likely a critical breach, limited by the proper-
ties of solution. This procedure was repeated five times
for each temperature. The fibers were subsequently
washed in water for 24 h and treated with fabric softener
(Neutral®, Unilever, Copenhagen, Denmark) for
improved handling before drying at constant length at
80°C for 45 min.

2.5 | Measurement of take-up force
during spinning

The take-up force was measured according to Figure 1, a
photograph of the equipment is available in the
supporting information, Figure S3. To achieve reliable
force measurements, a die with 33 holes was used, other-
wise the spinning parameters were the same as described
above. The take-up force measurement was aborted at a
draw ratio lower than the draw ratio where some fila-
ments started to break.

The take-up force was calculated from the measured
force according to:

Fi==t @

In Equation (2), F, is the take-up force, F,, the measured
force and [ is the leverage (y/x in Figure 1).

2.6 | Calculation of stress in filament

The take-up force F; is a result of the resistance of
stretching the solution in the air-gap and the friction
from pulling the filaments through the coagulation bath.
To estimate the frictional force, Fy, spinning was per-
formed with four different coagulation bath lengths (0.24,
0.3, 0.4, and 0.5 m) and with four different draw ratios
(1, 4, 8, and 10) for the solution L50C8 at 60°C. The par-
ticular solution and temperature were chosen to enable a
high number of possible draw ratios. The frictional force
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arises from the shear at the filament surface when pulled
through the coagulation bath and may be described
according to Equation (3).*?

1 2
FfZZJTRLLC Eva Cf (3)

Cr=A(Re)™ (4)

In Equations (3) and (4), R; is the total filament tow
radius, L. is the coagulation bath length, p is the density
of water (coagulation bath liquid), and v; is the filament
velocity. Cy is the skin-friction coefficient that may be
expressed by Equation (4) where Re is the Reynold's
number. The calculation of the constants A and x was
performed by fitting the data of the take-up force from
the spinning measurements using coagulation baths of
different lengths and may be followed in detail
Section S6. It was assumed that all stretching take place
in the airgap and thereby the filament has a constant
velocity through the coagulation bath. Furthermore, the
filaments were assumed to be cylindrical. Finally, an
expression for the frictional force as a function of draw
ratio was obtained, and regard was taken to the different
filament radius for different solutions due to their differ-
ent solid content.

At the end of the air-gap, the resisting force will be a
sum of several forces**:

Fr=Fiheo+ Fs+F; - F, (5)

In Equation (5), F; is the total resisting force, Fy,e, is the
viscoelastic force, depending on the viscosity and the
elasticity of the fluid, Fs arises from the surface tension,
F; is the inertia it has to overcome and F, is the pushing
from gravity due to vertical spinning. Gravity will only
matter in the air gap since the coagulation bath (water)
and the filament have similar density.*® If using approxi-
mations made by Ziabicki*? it is possible to conclude that
surface tension, inertia and gravity may be neglected, for
an in depth discussion please refer to the supporting
information S1. Thus, the resisting force is approximated
to be equal to the rheological force, according to Equa-
tion (3), and can thereby be used to calculate the stress in
the extruded filament.

Fr FrDR
oc=—=
A 7R’ n

(6)

In Equation (6), o is the stress in the filament, R, is the
radius of the extruded filament, Dy is the draw ratio, and
n is the number of filaments.

2.7 | Density and surface tension

The density of the solutions was measured with a He-
pycnometer AccuPycIl 1340 (Micromeritics Instru-
ment, Norcross) at room temperature, and the temper-
ature dependence was taken as an average of the
relation found for EMIMAc by Sescousse et al.>* and
Schuermann et al.?®: ppvimac = —0.00055 T + 1.1209,
which correlated very well with the value obtained at
RT (22°C). From the results of Schuermann et al.*’ it
was assumed that the density of the cellulose solutions
decreases with temperature with the same coefficient
as EMIMAc. All values of measured density are avail-
able in Table S2.

Surface tension measurements were performed
using the pendant drop method with an optical drop
contour analysis, OCA 40 Micro (DataPhysics Instru-
ments, Filderstadt, Germany). The temperature was
controlled with a temperature chamber in combination
with a temperature-controlled dosing system. The
syringe had a diameter of 1.83 mm and the drop con-
tour was determined through the software SCA202
V.5.0.32 build 5032 (DataPhysics Instruments, Fil-
derstadt, Germany) Temperature was set to either
45, 60, or 75°C, apart from for LOC11.4 which was not
analyzed at 45°C due to too high viscosity. Another
effect resulting from the high viscosity of the solutions
is the time needed for drop formation. The drops were
recorded and the final shape of the drop, and thereby
the final surface tension, was not received until after
10-20 min, depending on the temperature. The mea-
sured surface tension increased up to a plateau value
during the formation of the drop. The value of surface
tension was taken as the average plateau value, an
example of the measurement is visible in Figure S2. To
our knowledge, the time for drop formation needed for
correct surface tension measurement of viscous cellu-
lose ionic-liquid solutions has not previously been
reported.

The long measurement time might be an issue with
EMIMAC since it is hygroscopic and adsorbed water on
the EMIMACc surface might increase the measured sur-
face tension. However, for all measured temperatures the
difference between the initial and final surface tension
(measured after 20 min) was rather small, in the range of
2 mN/m (from an initial value of 45.7-47.5 mN/m). The
increase of surface tension due to uptake of water in
EMIMACc was thereby considered to be limited. The value
of surface tension of EMIMAc was considered as the
average value from a 20 min measurement, and the sur-
face tension decreased slightly with temperature, as was
expected.*®
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2.8 |
CaBER

Capillary thinning measurements,

The extensional behavior of the solutions was analyzed
with Capillary Break-up Elongational Rheometry (Haake
CaBER 1, Thermo Haake, Karlsruhe, Germany). The
measurement set-up compromises of two circular plates
with a diameter of 4 mm and an initial separation of
2 mm. For successful sample loading the two plates were
heated to 75°C. The plates were separated at time
t = =50 ms, with a linear velocity profile until time
t =0 s, to a final gap of 6 mm. The diameter of liquid
thread at the midplane between the two plates was moni-
tored with a laser micrometer at a frequency of 10 Hz
and with a detection limit of 10 pm.

2.9 | Filament characterization

Tensile testing (Vibroskop/Vibrodyn, Lenzing Instru-
ments, Austria) was performed on conditioned fibers at
20 +£2°C and 65+ 3% RH with an extension rate of
20 mm/min and a gauge length of 20 mm. Conversion to
SI units (Pa) was done based on a fiber density of
1390 kg/m?®, obtained by a He-pycnometer AccuPycll
1340 at room temperature. Images of the surface of the
filaments were taken with a scanning electron micro-
scope (SEM) from JEOL, model JSM-7800F. The fila-
ments were coated with 1.5 nm of platinum. Secondary
electrons images were acquired using an accelerating
voltage of 5 kV and a working distance of 4 mm.

3 | RESULTS
3.1 | Spinning of filaments, critical draw
ratio

Figure 2 provides critical draw ratios for each solution at
different temperatures. It can be clearly observed that a
higher lignin ratio in the solution enabled a higher criti-
cal draw ratio, which is a strong indication of a better
spinnability for these solutions. This increase in critical
draw ratio may be explained by the higher solid content
of the solution, as it may enhance its breaking stress. On
the other hand, the L30C8 and L0C11.4 solutions have
the same solid content, but L30C8, which contains lignin,
attained a nearly twice as high maximum critical draw
ratio. Accordingly, the addition of lignin to a cellulose
solution has a beneficial effect on the maximum draw
ratio.

Figure 3 shows that solutions also containing lignin
achieved their maximum draw ratios at lower viscosities
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FIGURE 2
selected temperatures. The shadowed areas are added to help guide
the eye to the maximum critical draw ratio of each solution. N =5
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Critical draw ratio (v,/v.) for all solutions versus

zero-shear viscosity of the solution at the different temperatures in
Figure 2, note the declining viscosity on the x-axis. The shadowed
areas are added to help guide the eye to the maximum critical draw
ratio of each solution. N = 5 [Color figure can be viewed at
wileyonlinelibrary.com]

compared to the pure cellulose solutions. Both neat cellu-
lose solutions (LOCS8, LOC11.4) exhibit their maximum
critical draw ratio at about 10,000 Pas in zero-shear vis-
cosity, but solutions containing lignin all peak at or
below 4000 Pas. Consequently, as the viscosity decreases
from 10,000 Pas, the critical draw ratio for the lignin
solutions continues to increase, while a decrease in criti-
cal draw ratio is evident for pure cellulose solutions.
From our data, we can conclude that the addition of lig-
nin to a cellulose solution appears to increase the
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maximum critical draw ratio, which also occurs at com-
paratively lower viscosities.

In our previous publication we suggested that the
reduction of critical draw ratio at higher temperatures is
due to draw resonance, which causes the rupture of the
filament.'” Thus, if this is the case, the pure cellulose
solutions suffer from draw resonance at higher viscosities
compared to the solutions that contain lignin.

The difference between first and last filament break-
age was consistently largest for L70C8. This was assumed
to be due to inhomogeneities in the solution as a result of
the high solid content (26.7 wt%) which may have led to
insufficient dissolution, even though no particles were
visible in the micrographs. This observation, in combina-
tion with the high temperatures needed for spinning,
resulted in that no further experimental investigation of
the L70C8 solution was made.

3.2 | Shear rheology

Solutions of cellulose in different ILs have previously
been extensively studied by shear rheology, in the
attempt to explain their spinning behviour.”’~*° There-
fore, the solutions were analyzed with oscillatory shear
rheology and the master curves of the complex viscosity
for LOCS8, L30C8, L50C8, and L0OC11.4 are available in
Figure 4. Further analysis shows that the viscosity curves
for solutions with the same amount of cellulose, LOCS,
L30C8, and L50C8, may be shifted to complete overlap.
This indicates that addition of lignin affects the overall
viscosity in the same way as temperature in the studied
frequency range. This means that lignin contributes to
the viscosity in a purely viscous manner; either lignin has
a relaxation time shorter than the studied frequency

—L0C8 — L30C8
10°
45 °C
10* ]
3
» 107
©
o
+ 10%]
10"
10°
0% 10° 10?7 100 10° 10" 10?
y /s

FIGURE 4

range, less than 0.05 s, or that in the prepared solutions
the lignin does not align with shear at all. The latter case
is plausible, in a recent study no preferred orientation
was found in the lignin phase of the fibers.>’ By increas-
ing the cellulose content, as for solution LOC11.4, the vis-
cosity curve can no longer be shifted to complete overlap,
as seen in Figure 4, which shows that a higher cellulose
concentration creates more chain entanglements and
thereby increases the average relaxation time. The shear
modulus of the solutions followed the same trends as vis-
cosity, available in Figure S1, where the addition of lignin
did not alter the modulus at the cross over point (COP,
G' = G"), which is known to be sensitive for molecular
weight distribution in solution.*® No change of the mod-
uli at the COP is an additional indication that the lignin
does not alter the viscoelastic behavior of the solutions.
Consequently, the linear shear rheology could not be
used to explain the difference observed in spinning
behavior.

3.3 | Extensional rheology
During air-gap spinning, the solution will predominantly
undergo an extensional deformation and an attempt to
study the extensional rheology of cellulose solutions was
thus made. Three solutions; LOC8, L30C8, and L50CS,
were analyzed with Capillary Extension Break-up
Rheometry (CaBER). Figure 5 shows the diameter of the
solution filament versus time. The filament lifetime, time
for filament break-up, increased with the polymer con-
centration of solution, which have a higher viscosity.*
Haward et al.** measured the extensional rheology of
cellulose-EMIMACc solutions with Capillary Breakup
Extensional Rheometry (CaBER). Slightly before filament

L50C8 —L0C11.4

10

o
w

o
(]

n*/a, / Pas

-4 3 2

10 10 0 1 2 3

10"
y-a, /s

10

Master curves of complex viscosity for LOC8, L30C8, L50C8, and L0OC11.4. In the right plot, the curves have been shifted to

overlap according to time-temperature superposition'® [Color figure can be viewed at wileyonlinelibrary.com|
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wileyonlinelibrary.com]

break-up they identified that the diameter decreased
exponentially with time, and from this measured time
they could calculate the extensional viscosity. From the
results obtained within this work, no exponential decay
of the filament diameter was recorded and thus no relax-
ation time nor extensional viscosity at high Hencky
strains could be calculated, and the extensional viscosity
of solutions with or without lignin could not be com-
pared.®® This is unfortunately a common scenario for
concentrated polymer solutions®’; that is, the decay of
the filament diameter is controlled by the viscosity and
not the elasticity of the solution. As the polymer concen-
tration increases the viscosity, it may increase more dra-
matically than the relaxation time. To estimate the
relation between viscous and elastic forces during the
experiment the elasto-capillary number were calculated
for each solution according to Clasen,*® and in all cases
the elasto-capillary numbers are <1 (all values are avail-
able in Table S3) which does indicate a viscosity-
controlled thinning. This is also in line with the result
that the filament lifetime increased with polymer concen-
tration and viscosity.

3.4 | Surface tension

Another factor in the context of spinnability is the surface
tension of the extended solution, which is often
neglected, but becomes increasingly important relative to
the elastic forces of extended polymer chains in solutions
of lower viscosity, that is, solutions at high temperature.*’
The surface tension of the studied solutions seems to be
related to the polymer concentration, see Figure 6. The
reduced surface tension with polymer concentration
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pendant drop [Color figure can be viewed at
wileyonlinelibrary.com]

indicates that the cellulose and lignin are surface active.
Lignin moieties with hydrophilic functionalities such as
carboxylate groups may well be surface active, due to the
hydrophobicity of the aromatic ring.*® There are numer-
ous cellulose derivatives that are known to be surface
active,® however in this study the cellulose is under-
ivatized and the results are not as easily explained. The
increase in surface tension with temperature implies a
lowered polymer concentration at the solution surface,*
which perhaps is a result of better solvability of cellulose
and lignin in EMIMAc at higher temperatures. The
results follow the same trends as were obtained by
Schuermann et al.,>’> who measured the surface tension
of cellulose-EMIMAC solutions. A lower surface tension
results in a reduction of the retractive forces during fila-
ment extension, thus aiding formation of fine filaments.*'
However, since lignin and cellulose seem to have similar
effect on the surface tension of the solution, surface ten-
sion was not considered a primary reason for an
increased critical draw ratio of solutions that contained
lignin.

3.5 | Stress in filaments during spinning
The take-up force was measured to investigate the stress
build-up with draw ratio for the different solutions, and
to get an indication of the breaking stress of solution.
Data were collected for draw ratio 1 up to the critical
draw ratio. The stress will depend on the viscosity of the
solution as well as on the stored elastic stress. As the
solutions are shear thinning, it is reasonable to assume
that the viscosity will decrease with increased draw ratio.
Elasticity is a memory effect; chains that are extended
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during the stretching want to move back into their origi-
nal state. The faster the fluid is deformed, that is, at
higher draw ratio, more and more chains will not have
time to relax into their original shape. The elastic stress
will thus increase until all chains are at their maximum
elongated state. In Figure 7, the stress is plotted for solu-
tions spun at a temperature lower than the temperature
of their maximum critical draw ratio, see Figure 2. As
can be observed, the stress increases up to a critical draw
ratio for all solutions. This data confirms that at tempera-
tures lower than the temperature for maximum critical
draw ratio; the filaments undergo a cohesive breakage
and they break once the breaking stress is reached. How-
ever, from these data it is difficult to extract a breaking
stress since the measured force becomes invalid as soon
as some filaments start to break.

In Figure 8, the stress is plotted for solutions spun at
or above the temperature of their maximum critical draw
ratio, see Figure 2. Compared to Figure 7, all stress curves
exhibit a different behavior, in this case a maximum
stress is noted for all solutions, but less clear for LOC11.4.
It is notable that fiber breakage does not occur at the
maximum stress, which indicates another breaking
mechanism than cohesive breakage. Such mechanism
may be necking and/or draw resonance which causes a
locally reduced cross section and thus stress amplification
leading to filament break-up. In our previous study it was
concluded that for a solution with 50:50 lignin: cellulose,
draw resonance was observed for temperatures above the
temperature at the maximum critical draw ratio.'” It can
be assumed that a pure cellulose solution would suffer
from a similar disturbance at warmer temperatures.

A maximum in the stress - draw ratio curve could be
interpreted as the point of an overall chain-chain

L50C8 45 °C, 7200 Pas
+ LOC8 30 °C, 9700 Pas

O L30C8 30 °C, 18 900 Pas
x LOC11.4 30 °C, 38 300 Pas
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FIGURE 7 Calculated stress in filaments during spinning at

lower temperatures. The dotted line is an average of the LOCS8 data,
added to guide the eye [Color figure can be viewed at
wileyonlinelibrary.com]

slippage, which eventually also will cause filament break-
age. The stress curves for the solutions containing lignin,
L50C8 and L30C8, are different from LOCS8. Some sort of
a shoulder, more pronounced for L50C8, in the stress
curve can be seen between 2 and 4 in draw ratio. Instead
of turning downward as the LOC8 stress curve does, the
L50C8 and L30C8 curves continues to increase. All three
solutions have the same cellulose content and around
draw ratio 3 all the cellulose chains may approach their
maximum extensibility. Indeed, previous studies have
found that the mechanical properties of pure cellulose
fibers reaches a plateau at comparable draw ratios,">**
indicating that for pure cellulose fibers, an extended
structure is achieved already at low draw ratios. In some
way it seems that lignin introduces other interactions in
the solution that enables an increase in elasticity and/or
viscosity which causes the total stress to increase; all in
all that hinders cellulose chain slippage and thereby sta-
bilizes spinning at higher draw ratios. One of the main
differences between lignin and cellulose is the difference
in molecular weight, Kraft lignin has much lower molec-
ular weight average than cellulose dissolving pulp.'**
The beneficial effect on spinnability of mixing molecular
weights in solution has been shown previously and may
be contributing also in the current study.***> Another
notable difference between lignin and cellulose is their
structure both regarding morphology and molecular
structure. The addition of lignin to the solution may
introduce additional hydrophobic interactions due to the
aromaticity of lignin. In a theoretical study based on
mathematical modeling, the preferred adsorption of lig-
nin on cellulose was found to be a stacking of the lignin
phenyl rings parallel to the pyranose rings in cellulose,

L50C8 60 °C, 2500 Pas O L30C8 45 °C, 5200 Pas
+ LOC8 45 °C, 3200 Pas % LOC11.4 60 °C, 4900 Pas
1108
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FIGURE 8 Calculated stress in filaments during spinning at

higher temperatures. The lines are averages of their corresponding
solution, added to guide the eye [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 Tensile strength and tensile modulus versus draw
ratio for L50C8 (50% lignin) at 60°C [Color figure can be viewed at
wileyonlinelibrary.com]

indicating hydrophobic interactions between the two
components.*®

3.6 | Mechanical properties

To motivate a high draw ratio during spinning it is neces-
sary to analyze the impact of draw ratio on mechanical
properties. That draw ratio can be used to improve the
tensile strength and modulus of cellulose fibers is
known,'® however it is not obvious that this effect
remains for fibers consisting of 50% lignin since lignin is
a non-linear and amorphous polymer. As can be seen in
Figure 9 the mechanical properties do improve with draw
ratio also for such fibers. SEM-images of the fibers are
available in Figure S8. The tenacity of the fibers some-
what stagnates after a draw ratio of 8, but the modulus
increases over the whole possible range of draw ratios.
The mechanic properties confirm the result in Figure 8,
that the structure in a lignin: cellulose fiber is evolving
beyond the draw ratio where the corresponding cellulose
fiber is reaching a maximum extendable state. Conse-
quently, it is highly motivated to perform spinning at a
temperature corresponding to the maximum critical draw
ratio to optimize fiber properties. A high degree of pre-
ferred orientation in the precursor is also necessary to
achieve carbon fibers with high tensile modulus.' To fur-
ther improve the mechanical properties for example the
effect of spinneret geometry and choice of coagulant
remains to be investigated.

4 | CONCLUSIONS

It was found that the addition of lignin increased the
maximal critical draw ratio of a cellulose solution. The
difference observed in spinning behavior could not be

Applied Polymer_wiLgy_ 2o

explained neither by shear rheology nor surface tension
of the solutions. Measurements of the take-up force on
the other hand, demonstrated beneficial effects of adding
lignin, as the stress in filaments spun at higher tempera-
tures could be increased. A possible explanation is that
lignin has the ability to hinder cellulose-cellulose slip-
page and thereby improve the spinning stability. From
the mechanical properties of filaments with 50:50 lignin:
cellulose spun with different draw ratios, it was possible
to conclude that both the strength and, in particular, the
modulus of the lignin-cellulose fibers increased with a
higher draw ratio. The results show the benefit of a high
critical draw ratio and motivates to perform spinning at
the temperature of maximum critical draw ratio.
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