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ARTICLE INFO ABSTRACT

Handling Editor: Prof D Bryce Cellulose-lignin blends are proposed as alternative precursors for carbon fiber (CF) production, offering a po-

tential sustainable and cost-effective alternative to the expensive fossil-based polymers currently used. The

Keywords: characteristics of the precursor fibers including their crystallinity, the incorporated chemical structures and the
Therm’{smbﬂizaﬁon distribution of the biopolymers have a significant influence on their carbonization behavior and the properties of
PymlyS‘Sv the CFs. They are partly determined by the composition of the bio-based resources and the conditions used
gf;i?;i:gzn during the fiber fixation, i.e. the coagulation, an important processing step. In this work, 3C solid and 2D so-

lution NMR methodologies were applied to investigate the impact of coagulation and thermostabilization con-
ditions on cellulose and cellulose-lignin blends using a thin film model. Solid state NMR spectroscopy showed
that the choice of the anti-solvent influenced the proportion of cellulose II versus amorphous regions in the
coagulated films. Independent of the presence of lignin, the choice of anti-solvent seems to impact the rate of
thermal reactions. After thermostabilization at 245 °C, the samples were investigated using a solution NMR
protocol devised for cellulosic materials. At 275 °C, most of the samples became insoluble for solution NMR.
However, solid state NMR revealed further changes in the chemical composition, which were dependent on both
the presence of lignin and the choice of anti-solvent. This multi-faceted approach combining solid state and 2D
solution NMR techniques provides a comprehensive understanding of the cellulose structure and the products
formed for cellulose-lignin-based CFs, which is crucial for optimizing their properties and potential applications.

Heat treatment
Thermal conversion
Bio-based polymers

1. Introduction polyacrylonitrile. This process was optimized and CFs with exceptional

mechanical properties can be prepared on an industrial scale. However,

The society is facing multiple challenges e.g., climate catastrophes
due to an increased level of CO, in the atmosphere [1], pollution of
oceans and depletion of resources, caused by the unsustainable use of
plastics in particular from fossil-based resources [2]. One way forward is
substituting fossil-based compounds with renewable and bio-based
counterparts [3,4]. Electrification of the transport sector is another
crucial step which requires light weight construction for a longer battery
time [5].

Carbon fibers (CFs) show desirable weight-to-strength ratios as they
have a high specific strength and stiffness, which makes them very
efficient reinforcements in light weight composite materials. Since the
1970s, the growing market of carbon fibers has been dominated by CFs
made from fossil-based precursor fibers, predominantly prepared from
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due to the high cost of the precursor comprising approximately 50 % of
the total cost of the CFs [6], applications are effectively restricted to
higher end industries. To enter lower end industries like the automotive
or construction sectors cheaper CFs are needed [7].

Besides cost considerations, a shift towards forest-based products as
precursors for carbon fibers aligns with the growing emphasis on sus-
tainability and the need to reduce dependency on fossil resources.
Recent research showed that bio-based resources such as lignin and
cellulose could potentially replace fossil-based ones for CFs production
[6,8,9].

Both these bio-based materials have been investigated separately for
the production of CFs and both suffer from intrinsic drawbacks. Cellu-
lose carbonization usually results in low char yield (10-30 % at
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1000 °C). To remove incorporated oxygen containing moieties and
enhance the mechanical strength, hot stretching is required [10]. On the
other hand, lignin-based CFs require a long stabilization time to prevent
fiber fusion, which makes it impractical for industrial production [11,
12]. Through carbonization of cellulose-lignin blends these issues can be
partially addressed [13-17].

Different methods have been developed to prepare bio-based pre-
cursor fibers. For instance, melt [18], dry [19] and wet-spinning [13,14,
16,17,20,21] techniques were proposed. In recent research air-gap
spinning of cellulose-lignin blends was put forward as a very prom-
ising method [22]. It allows the cellulose chains to be highly aligned in
the fibers [23,24]. In this method, cellulose and lignin are first dissolved
in for example an ionic liquid [15,25] or N-methylmorpholine N-oxide
(NMMO) monohydrate [26]. The cellulose-lignin blends are then
extruded through a coagulation bath containing an anti-solvent (such as
water) and spun into continuous fibers. Further steps include thermo-
stabilization (heating up to 300 °C under air atmosphere) and carbon-
ization (heating up to 1000 °C and beyond under nitrogen flow) of the
spun fibers for the conversion into CFs. Successful conversion of
cellulose-lignin precursor fibers to carbon fibers, on a lab scale, was
reported with tensile strengths reaching up to 1070 MPa [20,27].
However, the so far achieved mechanical properties of cellulose-lignin
CFs do not meet the requirements even for lower performance applica-
tions yet [7]. Another important factor in CF production is the obtain-
able char yield. The yield of bio-based CFs prepared from air-gap spun
precursors can be increased by increasing the lignin to cellulose ratio
[15,17]. However, technical lignins are very complex polymers with
multiple functional groups and broad molecular weight distributions.
Subsequently, depending on the anti-solvent used during coagulation,
some of the added lignin might remain dissolved in the coagulation bath
[28].

Furthermore, it is also well known that coagulation causes formation
of cellulose II with varying total crystallinity [29,30]. For example, Cao
et al., 2014 [29] showed that after the coagulation of microcrystalline
cellulose dissolved in the ionic liquid 1-butyl-3-methylimidazolium
chloride, mainly amorphous cellulose was obtained when using
acetone as anti-solvent, while cellulose Il was found when coagulating in
water and ethanol. Moreover, the exceptional thermal stability of cel-
lulose is believed to be a consequence of the crystalline regions. Thus,
having a higher share of amorphous cellulose in the precursors may
impact the thermostabilization [31].

In cellulose research, '3C solid state NMR using cross-polarization
(CP) and magic-angle spinning (MAS), is a tool for observing the poly-
morphs and the crystallinity [32-35] and delineating the characteristic
features of cellulose [35-38]. 13C CP MAS NMR is typically used to
enhance the signal intensity of carbon resonances, by a magnetization
transfer from the 'H directly attached or in close vicinity. It allows then
to distinguish between crystalline and amorphous cellulose by observing
differences in chemical shifts and line widths, which arise due to dif-
ferences in local environments and molecular motions. Crystalline re-
gions of cellulose exhibit well-defined chemical shifts in the NMR
spectrum, while amorphous regions typically show broader signals due
to a range of local environments and dynamics [39].

Solid state >C NMR was also extensively used to investigate the
changes in thermally treated celluloses. Both supramolecular changes
[40] and further carbonization reactions could be followed [41-43].
More detailed insights in the formed structures could be obtained by 2D
solid state 'H-3C HETCOR experiments [44]. However, a 2D solid state
NMR spectrum may improve the resolution for cellulose-based compo-
nents, but this depends on the concentration of the products and the
heterogeneity of the sample but will nevertheless require long experi-
mental times. Moreover, standard solid state NMR methods like
one-dimensional 13C CP MAS may only give limited information on the
chemical transformations occurring up to 250 °C due to insufficient
spectral resolution [41]. Recent studies attempted to overcome these
inherent limitations by applying a solution NMR protocol to thermally
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treated cellulosic materials [45,46], through dissolution of the cellulose
samples in an NMR electrolyte consisting of tetra-n-butylphosphonium
acetate [P4444][OAc] diluted with DMSO-dg (1:4 wt%). Applying this
protocol allowed further insights into the transformations of the poly-
saccharide. The 2D solution NMR spectra showed that the main chem-
ical transformation below 250 °C was the formation of levoglucosan end
capped moieties. However, after prolonged heat treatment the forma-
tion of an insoluble thermostable condensed phase prevented further
insights in the dehydration reactions [41,47]. Therefore, a combination
of solid state and solution NMR could be a promising approach to
overcome the persisting sensitivity and solubility issues of the inde-
pendent techniques.

Solid state '3C CP MAS NMR is especially useful for analyzing crys-
tallinity and amorphous structures, while solution NMR excels at
capturing the chemistry and reactions occurring at lower thermo-
stabilization temperatures. For harsher thermostabilization conditions,
solid state NMR could be again more useful, provided that spectral
resolution is enhanced. This may be achieved with spectral deconvolu-
tion or if there would be differences in '3C T, relaxation times [48-51].
Solid state dynamic nuclear polarization (DNP) NMR could offer a
higher signal-to-noise ratio but requires sample preparation for optimal
radical penetration. Nevertheless, DNP NMR provided deeper insights
into the surface chemistry and structure of cellulose [52], using
13C.unlabeled [53] or labeled materials [54,55].

Other techniques including Wide Angle X-ray Scattering, Raman
spectroscopy [56,57], infra-red spectroscopy, and X-ray photoelectron
spectroscopy [58,59], have been used to investigate biomaterials,
providing qualitative or semi-quantitative information. However, these
techniques provide less details in terms of functional groups, linkages,
and chemical environments compared to solid state and solution NMR
spectroscopy. Moreover, some of the listed techniques such as
synchrotron-based measurements, are challenging to implement, and
require expensive infrastructure and extensive expertise to be applied
successfully.

As lignin can be solubilized in common perdeuterated solvents,
studies have focused on solution NMR techniques [60-62]. On the other
hand, lignin’s solid state NMR spectrum is rather featureless, due to its
complexity, number of functional groups and molecular weight distri-
butions. For cellulose-lignin blends, solution NMR protocols developed
for lignin cannot easily be adapted due to solubility issues of the cellu-
losic fractions. Hence the solution NMR methodology described earlier
was applied to get further insights in the thermal reactions of
cellulose-lignin blends [63].

Here we investigated the behavior of lignin and cellulose during the
different processes, coagulation and thermostabilization relevant to bio-
based carbon fiber production. We used two different anti-solvents,
water and ethanol, and two different molecular weight fractions of a
technical softwood Kraft lignin. Induced changes in cellulose and lignin
were monitored using 13C solid state and 'H-!3C solution NMR. We
further discuss the advantages and disadvantages with the different
NMR based methodologies for bio-based carbon fiber production based
on lignin and cellulose. Understanding the behavior of cellulose and
lignin, as well as the synergies that occur during the different stages of
the process, such as coagulation and thermostabilization, is crucial for
optimizing cellulose-lignin based CFs production and enhancing their
performance.

2. Experimental
2.1. Materials

Softwood Kraft dissolving grade pulp (Buckeye v67) purchased from
Georgia Pacific (Atlanta, GA) was used as a cellulose source. The
intrinsic viscosity was 465 ml/g according to ISO 5351. Softwood Kraft
lignin was received from Backhammar Pilot Plant (Backhammar, Swe-
den). It was isolated with the LignoBoost method using industrial black



F. Guerroudj et al.

(b) ©

S T T
'Q':Aj_,t'ﬂa. S

o Sthacac
/o555 L =€/>505,

Fig. 1. Model setup for filament coagulation (a). A cellulose-lignin film during
the coagulation process (b). Washed, dried and thermostabilized cellulose-
lignin films (c).

liquor. The Kraft lignin was fractionated into high molecular weight
(HMW) and low molecular weight (LMW) lignin. Acetone (USP ACS,
VWR, Sweden) and hexane (98.5 %, Fisher, Sweden) were used as sol-
vents in the fractionation of softwood Kraft lignin.

The ionic liquid 1-ethyl-3-methylimidazolium acetate ([EMIM]OAc,
>98 %, Proionic) was used for cellulose and lignin dissolution and was
used as received. The two anti-solvents were ethanol (95 %, Aldrich) and
deionized water (MilliQ). The tetra-n-butyl phosphonium acetate
[P4444]1[OAc]:DMSO-dg (1:4 wt%) electrolyte was prepared according to
literature [63] and used as a solvent for the solution NMR measure-
ments. Dimethyl sulfoxide, DMSO, (HPLC grade, >99.7 %) and lithium
bromide, LiBr, (>99 %) were purchased from Sigma Aldrich and used for
size exclusion chromatography (SEC) analysis.

2.2. Lignin fractionation by solvent-assisted precipitation

The softwood Kraft lignin was fractioned following the procedure by
Cui et al. [64]. In short, 80 g of softwood Kraft lignin was mixed into 800
mL of acetone. The mixture was filtered, and the supernatant was
brought to a volume of 1 L with acetone. Then, 250 mL of hexane was
slowly added, precipitating the high molecular weight (HMW) lignin
fraction, which was separated by filtration. Then 750 mL of hexane was
added to the remaining supernatant, precipitating the low molecular
weight (LMW) lignin fraction, also separated by filtration.

2.3. Cellulose and lignin dissolution

Prior to dissolution, the HMW and LMW lignin was sieved (0.5 mm).
The cellulose pulp sheets were first chopped into smaller pieces and then
ground to roughly 1 mm sized particles. The sieved HMW and LMW
lignin was dried overnight (60 °C, 100 mbar) and the ground cellulose at
40 °C to reduce the water content. The solutions were prepared by
adding an appropriate amount of cellulose (and lignin) to neat [EMIM]
OAc at 70 °C which was stirred for 1 h in a closed reactor with overhead
stirring at 30 rpm.

Solutions contained either 8 wt % (dry weight) of cellulose or a
constant ratio of cellulose and lignin of 50:50 with a total concentration
of 16 wt %.

2.4. Preparation of coagulated films using a model system

A model system for filament coagulation during wet spinning process
was built based on a previous publication assuming that the mass
transport of the solvents occurs radially [65]. This model setup was
composed of a vial of 50 mL containing the anti-solvent and a piston
mounted to the lid of the vial (Fig. 1a). A cylinder with a radius of 1 mm
larger than the radius of the piston was filled with the [EMIM]OAc/-
cellulose/lignin solution and the piston was pushed through the cylinder
rendering a 1 mm thick film on the piston. Thereafter, the film covered
piston was immersed in the anti-solvent (H2O or EtOH) as illustrated in
Fig. 1b. The obtained films, after 30 min of coagulation, were used as a
model for precursor’s fibers.
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Table 1

Appearance of the solutions for solution NMR of the dissolved films coagulated
in water (H,0) or ethanol (EtOH). LMW refers to low molecular weight lignin
and HMW to high molecular weight lignin.

Sample Appearance

Cellulose in H,O
Cellulose in EtOH
Cellulose LMW in H,O
Cellulose LMW in EtOH
Cellulose HMW in H,O
Cellulose HMW in EtOH
Cellulose in H,0 245 °C
Cellulose in EtOH 245 °C
Cellulose LMW in H,0 245 °C
Cellulose LMW in EtOH

245 °C
Cellulose HMW in H0 245 °C
Cellulose HMW in EtOH

245°C
Cellulose in H,0 275 °C
Cellulose in EtOH 275 °C
Cellulose LMW in H,0 275 °C
Cellulose LMW in EtOH

275 °C
Cellulose HMW in H;0 275 °C
Cellulose HMW in EtOH

275 °C

Viscous solution without insoluble particles.

Non-viscous solution, containing some small
particles.

Non-viscous solution, containing some bigger
particles.

The films were washed with pure deionized water until conductivity
measurements in the washing bath indicated a stabilized and low re-
sidual content of [EMIM]OAc. The films were subsequently dried in a
vacuum oven overnight at 80 °C.

2.5. Thermostabilization of coagulated films

Two heating conditions were used for thermostabilization of the
cellulose and cellulose-lignin films and a sample was taken for each:
245 °C for 30 min and 275 °C for 60 min, under air atmosphere, with a
heating and cooling rate of 11 °C/min from ambient temperature then a
cooling to 70 °C.

The washed and dried coagulated films (Fig. 1c) were crushed and
first packed in 4 mm rotors for solid state NMR measurements. After the
solid state NMR measurements, these films were dissolved (see 2.6) to
perform solution NMR measurements.

2.6. Dissolution of the coagulated films for solution NMR characterization

For the dissolution of the coagulated films before and after thermo-
stabilization a recently reported protocol using an electrolyte solution of
tetra-n-butylphosphonium acetate [P4444][OAc] diluted with DMSO-dg
(1:4 wt%) was followed [63].

The films (25-50 mg) were weighed into a 4 mL glass vial, before
[P4444]1[OAc]:DMSO-dg (1:4 wt%) was added until a final weight of 1.0 g
was achieved. The mixtures were stirred overnight with a small mag-
netic stirring bar at 65 °C. The solutions were transferred to 5 mm NMR
tubes using short-necked Pasteur glass pipettes (150 mm, VWR).

As described in previous studies on thermostabilized Ioncell® fibers,
heat treatment can result in partial or complete insolubility depending
on the formation of a thermostabilized condensed phase [45,46].
Partially soluble samples were also encountered in this study (Table 1).
Complete insolubility was observed for some samples treated at 275 °C.

2.7. Characterization methods

2.7.1. 13C solid state NMR spectroscopy on coagulated films

13C solid state NMR experiments were carried out on a Bruker
Avance III 500 MHz spectrometer equipped with a 4 mm HX CP MAS
probe. Cross-polarization (CP) experiments with a contact time of 1.5 ms
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Fig. 2. (a) 13C CP solid state NMR spectra of coagulated (EtOH and H,0) cellulose films before and after thermostabilization at 245 °C. The spectra are normalized by
their area. Cellulose pulp is the reference and starting material. (b) 2D 'H-'*C HSQC spectra of the coagulated (EtOH and H,0) cellulose films after thermo-
stabilization at 245 °C. Open triangles identify unassigned peaks from unknown products and peaks marked with + are already present in the reference pulp. C refers
to cellulose, X to xylan, L to levoglucosan end cap, Cell I to cellulose I and Cell II to cellulose II. The numbers refer to the atom number in the molecular structure. Blue
and gray are CH, groups while black and red are CH or CH;3 groups. A summary of the chemical shifts is presented in Tables S1 and S2.

and a repetition time of 2 s were recorded at a magic angle spinning rate
of 10 kHz. The temperature was set to 298 K. 'H decoupling with a
“spinal64” scheme at 77 kHz was applied during the acquisition [66].
The 90° radio frequency pulse duration was set to 4 ps and 3 ps for 'H
and '3C respectively. The acquisition time was set to 13.6 ms and the
spectral width to 596 ppm. The chemical shift scale was referenced using
adamantane. All CP spectra were recorded with 4000 signal accumula-
tions. The samples used for the measurements were dry without any 13C
labelling. The recorded spectra were processed on Topspin 4.2.0 and
further processed and normalized with Python 3.12.

2.7.2. Solution NMR spectroscopy on dissolved coagulated films

The experiments were performed on a Bruker Avance III HD 700
equipped with a 5 mm QCI cryoprobe set to 65 °C. A multiplicity edited
'H-13C HSQC (hsqcedetgpsisp2.3) was recorded on the solutions ac-
cording to the protocol [63]. The spectral widths were set to 20 and 200
ppm, with transmitter offsets of 6.2 and 75 ppm, for 'H and 3C di-
mensions, respectively. The relaxation delay was set to 1.5 s and 4 scans
were accumulated. 512 points were recorded in the indirect dimension
which was then zero-filled to 1024. DMSO-dg has been used as the lock
solvent and hence as an internal standard. The recorded spectra were
processed and analyzed with Topspin 4.2.0.

2.7.3. Size exclusion chromatography

The different molecular weight (MW) distributions of the fraction-
ated lignin samples were estimated by size exclusion chromatography
(PL-HPC 50 Plus Integrated GPC system, Polymer Laboratories, Varian
Inc.). The system is equipped with two 300 x 7.5 mm PolarGel-M col-
umns, one 50 x 7.5 mm PolarGel-M guard column, one refractive index
(RI) detector and one ultraviolet (UV) detector operating at 280 nm.
DMSO with 10 mM LiBr was used as the mobile phase and the flow rate
was 0.5 mL/min at 50 °C. The RI detector was calibrated with 10 Pul-
lulan standards ranging from 0.180 to 708 kDa (Varian PL2090-0100,
Varian Inc), and the UV detector was calibrated based on the RI detec-
tor calibration. Lignin samples were prepared by dissolving ca. 10 mg in
1 mL of mobile phase under stirring overnight, then diluted to 0.25 mg/
mL and filtered with 0.2 pm syringe filters. Film samples were prepared

by leaching ca. 20 mg of the film in 1 mL of mobile phase under stirring
overnight, then 0.1 mL of the liquid phase was diluted to 0.25 mg/mL
and filtered with 0.2 pm syringe filters. The data was analyzed with the
Cirrus GPC Software 3.2.

3. Results and discussion
3.1. Coagulated and thermostabilized cellulose films

Cellulose in its native state is composed of at least two crystalline
polymorphs, cellulose Io and If. Wang et al. proposed up to 7 different
forms in the primary cell wall [67]. 13C solid state CP NMR is a powerful
tool to determine different cellulose polymorphs by distinguishing be-
tween the well-defined chemical shift pattern of crystalline and amor-
phous parts of cellulose.

The cellulose pulp used as starting material contained cellulose I,
amorphous cellulose and minor amounts of hemicellulose. Its 13C solid
state CP NMR spectrum shows multiple peaks at 105 ppm, assigned to
the C1 carbon region, indicating the presence of cellulose I (Fig. 2a,
blue) [68]. Multiple peaks were also observed for the region around 89
ppm corresponding to the crystalline cellulose carbon C4 region. The
amorphous C4 region is characterized by a broader shoulder at around
84 ppm. The C2, C3 and C5 carbons appear between 70 and 80 ppm. The
main peak at around 65 ppm belongs to the crystalline cellulose I and the
broad shoulder at around 63 ppm to amorphous cellulose of the C6
carbon region. The peak observed at around 97 ppm is assignable to
hemicellulose impurities [69].

The production of man-made fibers requires the dissolution of cel-
lulose in an appropriate solvent prior to coagulation of cellulose. The
ionic liquid [EMIM]OAc was chosen as solvent for our study since it has
been widely used in literature to dissolve lignocellulosic materials [38,
65,70] and in air-gap fiber spinning [27,28,71]. After dissolution and
subsequent coagulation of dissolved pulp the original cellulose I is
transformed into the more stable form, cellulose II [72] with varying
amounts of amorphous regions. It has been shown that the solvent used
to dissolve cellulose and the anti-solvent used for coagulation impact the
crystallinity of the cellulose [30]. Here we chose two anti-solvents,
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Table 2

Weight loss due to the thermostabilization at 245 °C of the coagulated films in
H,0 or EtOH. LMW refers to low molecular weight lignin and HMW to high
molecular weight lignin.

Sample Coagulated and Thermostabilized film at Weight loss
dried film (g) 245 °C (g) (g; %)

Cellulose in 0.23 0.21 0.02; 8.7
H,0

Cellulose in 0.15 0.11 0.04; 26.7
EtOH

Cellulose LMW 0.30 0.24 0.06; 20.0
in H,O

Cellulose LMW 0.22 0.17 0.05; 22.7
in EtOH

Cellulose HMW 0.28 0.18 0.10; 35.7
in H,O

Cellulose HMW 0.24 0.14 0.10; 41.7
in EtOH

water (HyO) and ethanol (EtOH).

Upon coagulation and mild drying, the signal intensity of the crys-
talline region of the C4 and C6 carbons are significantly reduced (Fig. 2).
For the anti-solvent EtOH, it appears that the cellulose I has become
amorphous while for the anti-solvent HyO, distinctive peaks at approx-
imately 107, 88.6 and 87.5 ppm emerge in the spectrum, indicating the
presence of crystalline polymorph cellulose II [73]. Hence, when H,0 is
used as an anti-solvent, the coagulated cellulose film shows some degree
of crystallinity compared to cellulose coagulated in EtOH. The enhanced
formation of crystalline regions during coagulation in the presence of
water has been previously reported [38] and is attributed to a higher
solubility of [EMIM]OAc in water, which could be beneficial for the
formation of cellulose II.

To prepare CFs from cellulose or cellulose-lignin precursors and in-
crease the char yield, thermostabilization below a temperature of
approximately 300 °C is necessary. This step is required to mitigate
losses due to volatilization of cellulose mainly over levoglucosan
expulsion, which become significant at temperatures over 300 °C [31].
Thermostabilization reactions are commonly associated with the dehy-
dration of cellulose. The operative mechanisms are still controversially
discussed, however, recent findings by parts of our group suggest the
formation of a polyfuranic network [41,47]. For thermostabilization up
to 250 °C, which did not result in significant dehydration of cellulose,
the formation of levoglucosan-end capped structures and crosslinked
(poly)saccharides were evidenced [46]. The 13¢ solid state CP NMR
spectra of the thermostabilized cellulose films at 245 °C are shown in
Fig. 2a. The formation of cellulose II during the coagulation with the
anti-solvent HoO has persisted the thermostabilization. Apart from cel-
lulose II, the 3C solid state CP NMR spectra appear very similar showing
broad features of mainly amorphous cellulose. Studies have been per-
formed on Kraft pulp and filter paper which reported on hornification
and coalescence of the fibrils based on deconvolution of the C4 region
according to extensive studies on these materials [40]. Unfortunately,
the C4 region for coagulated cellulose which is present in this study is
featureless and did not allow any further analysis.

We followed the solution NMR approach [46,63] and dissolved the
coagulated and thermostabilized cellulose films in the electrolyte solu-
tion and recorded HSQCs (Fig. 2b). We observed the presence of xylan
(marked with X) in the pulp which is not seen in the solid state NMR
spectra. Indeed, the HSQCs showed evidence of levoglucosan end cap
formation marked with L1-L5 which is not visible in the solid state NMR
spectra most likely due to its low concentration. Interestingly, the HSQC
for the thermostabilized cellulose films coagulated in the anti-solvent
EtOH showed additional peaks highlighted with empty triangles,
which could not be assigned but follow a similar chemical shift pattern
as levoglucosan (Fig. 2b, black-blue). The peak at 4.25/79 ppm was also
observed in a previous study but could not be clearly assigned [46]. In
this study, albeit appearing only once, crosslinking was evident in
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Fig. 3. '3C CP solid state NMR spectra of cellulose and cellulose-lignin films
coagulated in H,O (a) and in EtOH (b). LMW refers to low molecular weight
lignin, HMW to high molecular weight lignin, Cell I to cellulose I and Cell II to
cellulose II.

complementarily conducted size exclusion chromatography measure-
ments. Thus, it is likely connected with a moiety in a crosslinked poly-
saccharide structure. The weight decreases upon thermostabilization
due to the formation of volatile gases such as CO3, CO and H20 (Table 2)
and expulsion of low molecular weight tar fractions. The weight loss for
cellulose coagulated in EtOH is higher (26.7 %) than for H3O (8.7 %).
This suggests a more pronounced degradation of the less crystalline
sample.

3.2. Addition of lignin

Addition of lignin to bio-based CF precursors can increase the char
yield. To obtain a suitable conversion, lignin leaching during the
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coagulation step should be minimized. To follow the impact of molec-
ular weight, softwood Kraft lignin was fractionated into a low molecular
(LMW, MW = 3.4 kDa) and a high molecular weight (HMW = 19 kDa)
fraction. The size exclusion chromatogram is shown in Fig. S1 showing
that two fractions were obtained after the fractionation (dashed blue and
dashed red). The original distribution is shown in purple. The fraction-
ation process is based on the solubility of lignin in different solvents
which also implies that the fractions will have a different distribution of
functional groups. Fig. S2 shows the HSQCs of the LMW and HMW lignin
fraction showing common lignin side chains/linkages like A, B and C and
the G-units which are mostly present in softwood lignin. It appears that
the HMW fraction has a larger number of A linkages and a small fraction
of xylan.

Fig. S1 shows in addition the molecular weight distribution of lignin
in the coagulated films. In the coagulated cellulose HMW lignin, the
molecular weight distribution of lignin is independent on the anti-
solvent used. However, in the coagulated cellulose films with LMW
lignin, the distribution shows some losses when EtOH is used as the anti-

solvent compared to HyO. This has also been confirmed visually as the
coagulation bath turned brownish for EtOH and the low molecular
weight system. Hence, we compared the HSQCs for lignin with the
coagulated cellulose-lignin samples and could confirm that the main
peaks of lignin are present (Fig. S3).

The corresponding 13C solid state CP NMR spectra of the coagulated
cellulose-lignin films are shown in Fig. 3. In comparison with the
coagulated cellulose films, similar results about the formation of cellu-
lose II were obtained for the cellulose-lignin blends when using HyO as
an anti-solvent. Additional peaks indicative of lignin were discerned,
delineating distinct regions: an aromatic domain spanning 110-160
ppm, aliphatic groups within the range of 10-50 ppm, and methoxy
groups located around approximately 56 ppm. To enable a simple
comparison of the 13C solid state CP NMR spectra which are not inher-
ently quantitative, the recorded spectra were normalized by their total
area. Some approaches were developed to estimate the lignin content in
biomass [74] or the degree of polymerization of hydrolyzed cellulose
[69] using solid state NMR but our focus has been on the reaction
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Fig. 5. 13C solid state CP NMR on dried cellulose and cellulose-lignin films
coagulated in H>O and EtOH thermostabilized at 275 °C. Changes previously
assigned to formation of carbonization intermediates highlighted with gray
dashed line.

products and changes occurring during thermostabilization.

The '3C CP/MAS spectrum of the coagulated cellulose-lignin LMW
film in ethanol exhibits the lowest signal intensity in the lignin regions
and the highest for the cellulose regions. This observation aligns with
the expectation that the LMW lignin fraction is more soluble in ethanol,
suggesting a higher likelihood of lignin leaching during the coagulation
process which agrees with the size exclusion chromatography results.
Consequently, the use of LMW lignin and ethanol as an anti-solvent both
contribute to increased lignin leaching, resulting in a lesser amount of
lignin remaining in the coagulated sample. Notably, the peak pattern of
the LMW and the HMW lignin left in the cellulose films are very similar.

In order to follow the reaction products upon thermostabilization at
245 °C, 2D solution NMR is used again and the HSQCs are shown in
Fig. 4. The formation of levoglucosan end caps and the presence of xylan
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were observed for all combinations, H,O or EtOH and LMW or HMW.
Most of the lignin peaks are not visible except the methoxy peak and the
G-units (part of the spectra not shown) suggesting that the side chain
groups might have reacted. For the anti-solvent H,O and LMW lignin,
there are new unassigned peaks marked with an empty triangle, which
do neither overlap with the peaks from the thermostabilized cellulose
nor the peaks from lignin (Fig. 4a). Similar unassigned peaks were also
found for the anti-solvent EtOH and LMW lignin. For the HMW lignin,
the HSQC spectra match the HSQC spectra of the coagulated cellulose
without the addition of lignin expect for the anti-solvent EtOH, for
which the unassigned peaks close to L5 and L6 highlighted with a gray
filled dashed triangle are not visible. Hence, the addition of lignin seems
to impact the reaction pathways for the anti-solvent EtOH. Interestingly,
the weight loss was more pronounced for the anti-solvent EtOH
compared for Hy0 and the EtOH/HMW combination showed the biggest
loss.

After thermostabilization at 275 °C, a large fraction of the samples
became insoluble in the NMR electrolyte (Table 1) and the interpreta-
tion of solution NMR became challenging. However, solid state NMR
showed to be more useful and the '3C solid state CP NMR are shown in
Fig. 5. In contrast to the coagulated and thermostabilized (275 °C) cel-
lulose samples, the '3C solid state CP NMR spectra of the coagulated and
thermostabilized cellulose-lignin samples appeared different. There is a
clear separation between the samples coagulated in H;O and EtOH.
When comparing lignin and cellulose intensities, there is an indication
that more cellulose is present for the anti-solvent H,O compared to
EtOH. The EtOH samples lack cellulose II which still persists at 275 °C
for the H,0 samples. The addition of lignin independently on the mo-
lecular weight in combination with the anti-solvent EtOH seems to
catalyze the reaction rate. It could not be determined to which extend
this observation is ascribable to either volatilization or initial carbon-
ization reactions. However, the pattern of the aliphatic and aromatic
region for the EtOH cellulose-lignin samples changed and showed broad
peaks around 125 ppm and 30 ppm. This suggests the formation of other
solid reaction products. Previous studies reported that a polyfuranic
network serves as the major dehydration product formed at these tem-
peratures, which exhibited peaks in similar spectral areas as observed
herein. The peak around 30 ppm was assigned to aliphatic linkers pre-
sent between different furanic moieties, which were associated with the
band visible in the aromatic area [47]. The postulated structure for the
dehydrated intermediates was based solely on their 13C CP NMR spectra
and their similarity to hydrochars investigated with solid state HETCOR
experiments [75]. In a recent report the so-far not analytically accessible
contribution of phenolic moieties to the broadened aromatic peak area
in the 110-150 ppm range in the '3C CP NMR spectra of dehydrated
saccharides was highlighted [76]. Advanced hydroxyl-proton selection
(HOPS) experiments could distinguish furans and phenols from one
another in 13C-enriched glucose-derived hydrochars [76].

In the present study, the observed broadened peaks in the aromatic
and aliphatic regions are likewise attributable to dehydrated and
condensed carbonization intermediates resulting from both cellulose
dehydration and incorporated lignin structures (Fig. 5). With the applied
experimental set-up further structural insights were, however, not
accessible. Comparing the thermostabilization to 275 °C of cellulose
alone with the cellulose-lignin blends a synergistic effect becomes
apparent (Fig. 5). The cellulosic contributions diminish, while peaks in
accordance with its dehydration intermediate become stronger. This
effect is especially pronounced, if the formation of crystalline cellulose II
moieties is prevented by using EtOH as an anti-solvent.

4. Conclusion

The impact of two different anti-solvents, H,O and EtOH, and the
addition of lignin on the coagulation and thermostabilization of
cellulose-lignin blends were investigated using solid state and solution
NMR. Solid state NMR proved to be useful for studying cellulose
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polymorphs after coagulation and highlighted that the anti-solvent
EtOH prevents the formation of cellulose II. This effect had an impact
on subsequent thermostabilization reactions of cellulose-lignin blends,
as evidenced by the earlier onset of dehydration reactions resulting in
the formation of carbonization intermediates indicated by the solid state
NMR spectra. On the other hand, solution NMR provided more insights
in the chemical moieties present in the coagulated cellulose-lignin
blends and the reactions occurring at lower thermostabilization tem-
peratures. A better spectral resolution would be obtained by applying 2D
solid state NMR. However, without the use of DNP or '3C labeled ma-
terial this would require unreasonable measurement time in comparison
to a 3 hlong 2D solution NMR experiment. Hence the combination of
both techniques is a promising way to understand influences of different
coagulation conditions and elucidate reaction pathways occurring dur-
ing thermostabilization. Our results showed that the anti-solvent
impacted the reaction for cellulose only in the presence of lignin and
its molecular weight fraction appeared to affect the formation of reac-
tion products. Further studies will focus on elucidating the reaction of
lignin during thermostabilization relevant to carbon fibers, batteries and
supercapacitors research.
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