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Low temperature pre-treatments increase the char yield during cellulose carbonization. Although this effect is
mostly understood on a kinetic basis, the formed chemical structures leave room for scrutiny. In ongoing am-
bitions to enhance the char yield of bioderived precursors, the thereby occurring chemistry was reinvestigated. A
set of isothermal heating protocols ranging from 150° to 250°C was applied to man-made Ioncell® cellulose
fibers and to Avicel® PH-101 microcrystalline cellulose. The prepared cellulosic samples were examined by
solution state NMR using a tetra-n-butyl phosphonium acetate ([P4444] [OAc]): DMSO-dg (1:4 wt%) electrolyte as
dissolving medium. Complementary, IR spectroscopy, size-exclusion chromatography (SEC) and thermogravi-
metric analysis coupled with mass spectroscopy (TGA-MS) measurements were performed. The NMR spectra
evidenced the formation of levoglucosan end capped moieties as being the first and major occurring reaction
during low temperature pre-treatments. In contrast to other mechanistic proposals, no signs for carbonyl or
alkene functionalities were discernible in the cellulosic material soluble in the NMR electrolyte, even after
treatment at 250 °C for several hours. Thermal cross-linking was observed in SEC already at temperatures not
known to significantly influence the overall char yield. In the solution state analytics only partial solubility was
observed, owing to the formation of a reluctant fraction previously described as “thermostable condensed phase”.
This resulted in analytical blind spots and led to discrepancies between NMR results and FTIR spectra in which
carbonyl and alkene vibrations were clearly discernible. Those discrepancies might also imply the co-existence of
different fractions in the early stages of cellulose pyrolysis.

1. Introduction production of volatile low molar mass fractions, and low heating rates
increasing the char yield [13,14].
The two-pathway model, also termed as Broido-Shafizadeh model,

was established following thorough investigations made in the 1960 s

Pyrolysis of biomass has received a considerable amount of research
interest in the last decades in ambitions to convert renewable feedstocks

to bioderived chemicals and materials [1-12]. Cellulose as the most
abundant biopolymer has been studied extensively and often served as a
model compound to understand the complex molecular and supramo-
lecular transformations during high temperature treatment of lignocel-
lulosic substrates. It was found that cellulose undergoes two competing
pathways leading either to the formation of valuable, volatile low mo-
lecular weight compounds, with levoglucosan as its major constituent,
or to char as solid residue in combination with the release of H,O, CO
and CO,. When only applying inert conditions and no chemical pre-
treatments, the heating rate was identified as an important factor to
control the outcome of the reaction, with high heating rates favoring the

* Corresponding authors.

and ‘70 s [13-19]. The temperature range from 150° to 250°C was
identified as the most significant for the final product distribution.
Although both Broido and Shafizadeh left room for scrutiny in the dis-
cussion of their results and the model was challenged several times [20,
21], it was found to adequately describe the occurring processes on a
kinetic basis, and it is — with some adjustments — still widely accepted
until today [22]. In this model, the observed product distribution was
connected to the formation of so called “active cellulose” as a key in-
termediate in the low temperature pretreatments. Despite exhaustive
research, the exact composition or mere existence of “active cellulose” is
still controversially discussed in the pyrolysis community [23]. The
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conducted investigations heavily relied on thermal analysis [20,24-34].
For the more thoroughly investigated volatile lower molar mass frac-
tions formed in the non-char forming pathway they were eventually
connected with chromatography or mass spectroscopy tools [35-37].
Inherently, these techniques only gave limited information on the solid
residue. Investigations on the solid fractions relied on material charac-
terization or chemical solid state spectroscopic techniques, like Fourier
transform infrared (FTIR) or solid state '°C NMR spectroscopy [23].
Thereby, the offered resolution to unambiguously clarify the occurring
chemical transformations in the relevant temperature range was too
low. There were obvious changes in the FTIR spectra, but they were still
dominated and heavily superimposed by the cellulose vibrations [38]. In
solid state 13C NMR spectra of heat-treated cellulose changes in the
supramolecular interactions were detected [39], but there were almost
no discernable chemical changes up to a temperature of 250 °C [35].
Further insights could only be obtained in samples treated at higher
temperatures [35,40-42]. However, treatments at these harsher condi-
tions were reported to be less significant for the overall char yield [43].
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Considering that water represents one of the first detectable gener-
ated analytes in the respective temperature range of 150 — 250 °C, the
transformations were often connected to dehydration reactions directly
from the anhydroglucose units (AGU) in the cellulose backbone [44]. It
is reasonable to believe that one of these structures is responsible for the
discrimination between the two competing pathways leading to lower or
higher char yields. A reaction scheme postulating the major trans-
formations in the low temperature region was summarized by Tang and
Bacon in 1964 based on an IR study (Scheme 1A) [38]. It was proposed,
that after removal of physically adsorbed HoO and a concomitant chain
scission leading to a reduction of the degree of polymerization (DP) until
a level-off DP is reached, a further dehydration step leads to release of
HyO from the AGU. The proposedly formed keto-anhydroglucose
structure can thereafter diverge into the two pathways. Either a levo-
glucosan (LGA) end capped moiety is formed following another chain
scission and mainly leading to the generation of volatile lower molecular
weight fractions, or a double bond is generated following a further
removal of HyO from the AGU and predominantly resulting in the
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Scheme 1. Different reactions postulated in heat pretreatments of cellulose in the temperature range of 150 — 250 °C, which were reinvestigated in this study. A)
Following IR investigations, Tang and Bacon proposed the formation of dehydrated carbonyl bearing AGU structures as key intermediates in the discrimination
between the two known pyrolysis pathways [38]. Either further dehydration to alkene bearing moieties mainly leads to char formation, or formation of levoglucosan
end-capped structures predominantly leads to tar formation following further “unzipping” of the polymer chain. B) Attempt to summarize different literature reports
which highlighted the importance of the thermal polymerization in char formation - presumably via levoglucosan end capped structures - to a reaction scheme. LGA
end capped cellulosics are postulated as predominantly formed intermediate in the low temperature treatment. Discrimination between the two pathways can be
explained through concurring depolymerization and repolymerization reactions. Complete depolymerization yields LGA containing tar as major product. The
repolymerization results in the introduction of different glycosidic bonds, weakening of the rigid H-bonds in the crystallites and results in a less thermally stable
polysaccharide. This can undergo dehydration reactions to a not well understood “thermostable condensed phase” [35] ultimately resulting in the formation of char.
R = H or cellulose chain.
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formation of a carbonaceous solid residue. Although, this model is in
line with the kinetic observations the postulated chemical reactions or
the proposed dehydrated cellulose structures could so far not be cross
validated using other analytical techniques than IR spectroscopy.
Nonetheless, this reaction scheme is still widely accepted and cited
especially in studies focusing on the generation of carbons from cellulose
[44,45]. Presumably, this is due to the common application of water
withdrawing compounds like sulphates or phosphates to increase the
char yield during carbonization, which would be in accordance with this
dehydration mechanism [46-48].

Nonetheless, the scheme is far from being generally accepted. For
example, Michael J. Antal, who significantly contributed to advancing
the understanding of cellulose pyrolysis, highlighted other phenomena
in a still outstanding normative review summarizing the knowledge
about carbohydrate pyrolysis up to the early 1980 s [49]. He concluded
that condensation or polymerization reactions dominate the pyrolysis
phenomena below 250 °C and ultimately result in the formation of char,
CO3, CO and H30 [49]. Thermal crosslinking reactions in cellulose heat
treatment were noted early on and were connected to the occurrence of a
“thermostable condensed phase” [35,50]. Thereby both a radical [51,
52] and a cationic progression [49] [53] of the reaction was proposed.
Again, an exact mechanistic background of the polymerization /
condensation was not accepted. More recently the importance of
LGA-end capped structures and LGA in general in char formation was
pointed out [54-58], although the same structures were more
commonly connected to the formation of volatiles over unzipping re-
actions [38]. Theoretical computations also suggested the formation of
LGA-end capped cellulose structures as energetically most favorable
thermal transformation [59]. The thermal polymerization of LGA was
often investigated, e.g., in the context of pyrodextrin formation [60-62]
and the similarities between the chars obtained from LGA and cellulose
carbonization were pointed out [63]. The occurrence of more reactive
anhydroglucose structures obtained from internal isomerization was
also evidenced after low temperature treatment of other (poly)saccha-
rides which were easier to analyze [49] and were also connected to char
formation [64]. The increased char yield after isothermal treatment of
cellulose at low temperatures can thus be explained through partial
depolymerization through unzipping leading to the formation of LGA
end capped structures, which subsequently repolymerize and dehydrate
to a complex scaffold ultimately leading to char formation. However, to
the best of our knowledge there was so far no attempt to postulate an
alternative reaction mechanism based on these observations. Further-
more, the reactions ultimately leading to dehydration or the thereby
formed structures are not addressed therein. An attempt to outline some
of the concurring reactions is summarized in Scheme 1B.

In conclusion, despite the longstanding research interest, the
occurring reactions are still controversially discussed. This can be partly
seen as a consequence of the limited resolution of the analytics available
to examine the chemical transformations in the treated fractions. In our
research group efforts to use man made cellulosic Ioncell® fibers as
starting material to produce carbon fibers [65-68], the inherently low
char yields represent an everlasting problem. Isothermal low tempera-
ture pretreatments over several hours were reported to drastically in-
crease the obtainable char yield [43]. Thereby, the range of 230 — 250 °C
was identified as the most important temperature area, while milder
(215 °C) or harsher (270 °C) isothermal treatments did not significantly
influence the outcome [43]. In this sense, we were interested in a better
understanding of the mechanistic background and of the formed struc-
tures, as these could open new entry points for chemical pretreatment
strategies in cellulose carbon fiber production. For this endeavor, the
applicability of a recently proposed solution state NMR protocol for
cellulosic materials using a tetra-n-butylphosphonium acetate ([P4444]
[OAc]) — DMSO-dg (1:4 wt%) electrolyte was tested in this study
[69-71]. Compared to the often-reported solid state NMR analytics [35,
40-42], this technique offered significantly higher resolution and the
possibility to perform more peculiar 2D NMR experiments, including
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multiple bond correlated ones. Another in-solution protocol was used to
monitor the development of the molecular weight distributions (MWDs)
through size exclusion chromatography (SEC). While these techniques
offer in-depth information, solubility of the cellulosic material is a
prerequisite to allow for the analysis. This proved to be problematic
owing to the supramolecular and chemical changes introduced by the
harsh treatments. While it was possible to analyze all samples, other
analytical techniques like FTIR and STA-MS were used for cross vali-
dation and to address the blind spots of the solution state procedures.

2. Materials and methods
2.1. Starting material

The study was conducted with standard Ioncell® fibers spun from
dissolving grade pre-hydrolysis kraft pulp using 1,5-diazabicyclo[4.3.0]
non-5-enium acetate ([DBNH]OAc) [72-74]. The regenerated Ioncell®
fibers have a cellulose II structure (crystallite size ~ 3 nm) with
considerable fractions of amorphous domains (crystallinity~50%) and
highly oriented voids (between 0.05% and 1% of the total volume) [75].
The fibers were spun at draw ratio six (ratio of take-up to extrusion
velocities) and their diameter was close to 13 um. The fibers dry matter
content was 95.7 £ 0.2 wt%. For more information on the Ioncell® fi-
bers and process, the reader can refer to the related literature. The
starting material was chosen in context of our groups ongoing research
effort concerning the carbonization behavior of different Ioncell® fibers.
To cross validate some of the results further measurements with Avicel®
PH-101 microcrystalline cellulose as well studied model substance and
commercially available levoglucosan (> 99%; Sigma Aldrich) were
conducted [76].

2.2. Preparation of heat-treated cellulose samples

About 100 - 150 mg of eight cm length Ioncell® cellulose fibers were
distributed evenly in a ceramic boat and heated in a tubular furnace
(Nabertherm RHTH 80-300/16, Germany) under 120 L/h of N5 flow (N5
> 99,999%) up to a final heat treatment temperature (HTT) of 150 °C,
200 °C, 225 °Cor 250 °C, and kept for 1 h, 6 h or 11 h. Complementary,
Avicel® PH-101 microcrystalline cellulose was treated at the same
temperatures for 1 h each. The heating rate was maintained at 5 °C/min
for all the experiments. After cooling the gravimetric char yield was
calculated and the material was stored in sealed plastic recipients for
further analysis.

2.3. Simultaneous thermal analysis coupled to mass spectrometry (STA-
MS)

The carbonization dynamics of the precursor fibers (PFs) were
studied using an Netzsch STA 449 F3 Jupiter & QMS 403 Aéolos Quadro
thermal analyzer. The fibers were heated under a helium atmosphere
(70 mL/min) from 40 °C up to 150 °C, 200 °C, 225 °C or 250 °C, at a
heating rate of 5 °C/min and kept at the final temperature for 11 h. The
sample mass was in the range of 3-5 mg to minimize the heat and mass
transfer limitations within the sample. Temperature and heat flux cali-
bration were performed using metal standards with known melting
temperatures and enthalpies. The mass spectra of the volatile species
emitted during the carbonization were measured with an electron-
impact (EI) ionization energy of 70 eV, whether in a continuous mode
by screening m/z values from 15 to 180, or in multiple ion detection
(MID) mode, at m/z = 18, 28 and 44, corresponding to H>O, CO and
CO,. Using different amounts of calcium oxalate monohydrate
(~1-30 mg), which stochiometric thermal decomposition can be
determined with very good accuracy using thermogravimetry, we could
calibrate the H,O, CO and CO5 MS signals using the gravimetric data and
quantify their amounts during the carbonization of the cellulose fibers,
following a procedure similar to the one described by Maciejewski and
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Baiker [77]. The linearity of the mass spectrometer signal is not
compromised neither by the heating rate nor by the temperature, which
makes it suitable to quantify evolved gases regardless of their emission
temperature or the carbonization heating rate [77]. Details about the
calibration procedure are given in the electronic supporting information
(ESD).

2.4. NMR spectroscopy

NMR spectra were recorded with a Bruker Avance III 400 NMR
spectrometer or a Bruker Avance NEO 600 NMR spectrometer. For the
collection of solution state NMR spectra a protocol initially developed
for cellulose nanocrystals utilizing the solubility of cellulosics in [P4444]
[OAc]:DMSO-dgs (1:4 wt%) mixtures was applied [69-71]. The used
electrolyte was prepared according to published procedures [69]. In
contrast to the original protocol a lower cellulose concentration of
2.5 wt% was used in the majority the experiments. This was necessary to
avoid problems with the high viscosity of the dissolved samples intro-
duced by the comparable high degree of polymerization (DP) of the
Ioncell® starting material. However, the fibers heat treated at 250 °C
and the Avicel® PH-101 samples gave low viscosity solutions even at a
concentration of 5 wt%. For the preparation of the NMR samples 25 mg
or 50 mg of the heat treated fibers were weighed into a 4 mL glass vial,
before [P4444]1[OAc]:DMSO-ds (1:4 wt%) was added until a final weight
of 1.0 g. The sealed mixture was stirred with a small magnetic stirring
bar and heated to 65 °C by means of an oil bath for 16 — 20 h. Thereafter
the samples were transferred into standard 4 mm NMR tubes. All sam-
ples were characterized at a measuring temperature of 65 °C by 1D 'H
and diffusion edited 'H NMR and 2D multiplicity edited 'H-'3C HSQC
spectra. For qualitative assignment of peaks 'H-'3C HMBC experiments
were performed on selected samples. Although available, we did not
include 13C NMR spectra in our set of experiments, as they showed
insufficient resolution in conducted pretrials. The assignment of 3¢
peaks is thus only based on the 'H-'3C HSQC experiments. An antici-
pated quantitative evaluation of the spectra was hampered by partial
insolubility of some samples, the relative low intensities of the signals
introduced by heat treatment and significant peak superposition with
the cellulose backbone in the quantitative H experiment. Thus, only
qualitative, and semi-quantitative information could be obtained. All
spectra and peak assignments for the constituents of the starting mate-
rial (see ESI, Cellulose and Xylan; Tables S3 and S4) are listed in the
Electronic Supporting Information.

2.5. FTIR spectroscopy

The FTIR spectra of the original and heat-treated cellulose samples
were acquired using a Perkin Elmer Spectrum Two FT-IR Spectrometer
(United Kingdom) having a LiTaO3 Detector, an equipped with a Specac
Quest Attenuated Total Reflection (ATR) diamond accessory. The
spectra were background and base line corrected using the manufac-
turer’s software (Spectrum by Perkin Elmer) and normalized by the band
intensity at 1020 cm™ (observed and well-defined characteristic C-O
skeletal vibration in secondary alcohols) [78-80]. We report the arith-
metic mean of three measurements recorded at different spots for every
sample. The spectra acquisition required scanning at room temperature
25 times the wavenumber (v) range from 4000 to 500 em?! (4 em?!
resolution).

2.6. Size-exclusion chromatography

The SEC-MALS/DRI instrument consisted of Dionex Ultimate 3000
HPLC module, Shodex DRI (RI-101) detector, and Viscotek/Malvern
SEC/MALS 20 multi-angle light-scattering (MALS) detector. The col-
umns used were Agilent PLgel MIXED-A (x 4). The flow-rate was
0.75 mL/min. The samples were dissolved in eluent (0.9% LiCl in
DMACc) using solvent exchange procedure (water/acetone/DMAc). The
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injection volume was 100 pl. Detector constants (MALS and DRI) were
determined using narrow polystyrene sample (M, = 96,000 g/mol, D =
1.04) dissolved in 0.9% LiCl in DMAc. Broad polystyrene sample (M, =
248,000 g/mol, D = 1.73) was used for checking the detector calibra-
tion. The dn/dc value of 0.136 mL/g was used for celluloses in 0.9% LiCl
in DMAc [81].

3. Results
3.1. Sample preparation

The yields of heat-treated Ioncell® cellulose fibers are given in
Table 1 and illustrated in Fig. S1 as a function of temperature and
holding time (see ESI section on cellulose fiber heat-treatment). The
mass loss at 150 and 200 °C was minor and similar yields were obtained
at both temperatures. We can assume that no chemical reactions
involving the release of volatile species took place within this temper-
ature range, as suggested by Scheirs et al. [44].

Lower gravimetric yields were obtained at 225 °C (92.4 wt% after
11 h). The yield started to drop significantly at 250 °C and decreased
linearly with the holding time (R? =0.999) to reach 74.1 wt% after 11 h.
This linear dependence of the mass loss on the holding time is in
accordance with early studies on cellulose I (cotton and paper) pyrolysis
[18]. According to the same study, the gravimetric yield at 250 °C
reaches a plateau only after ~ 180 h.

Considering those results, we can categorize the heat-treated fibers
according to the temperature range: those obtained at temperatures of
150-200 °C, for which minor mass loss occurred, and those obtained at
225-250 °C, for which the mass loss starts to be significant. The positive
influence of the isothermal pretreatment on obtainable char yield was
confirmed by thermal analysis. The Ioncell® cellulose fibers formed a
higher char yield at 1100 °C after a stepwise heating including a 1 h
holding time at 250 °C (similar to HTT250-1 h) compared to a refer-
ence measurement without holding time (see ESI section on thermal
analyses).

3.2. Appearance and Solubility

For all cellulosic materials, the heat treatments led to a visible
discoloration from white (start) over slightly yellow (HTT150) to
brownish (HTT200 and HTT225) and black (HTT250). Thus, reactions
in connection with the formation of saccharide-based chromophores
must occur already at moderate temperatures [82]. However, they were
not formed in quantities detectable by any applied analytical technique.
Besides that, only slight shrinkage of the fibers after harsher treatments
was observed.

In order to perform solution state protocols like NMR and SEC, the
analyte must be soluble in the respective [P4444] [OAc]:DMSO-dg (1:4 wt
%) electrolyte or DMAc/LiCl system. In general, a negative influence of
exceeded heating can be expected on the solubility of cellulosic

Table 1
Yields of heat treated Ioncell® cellulose fibers as a function of HTT and holding
time.

Sample HTT / °C Time / h Yield / wt% (d.b.)
HTT150-1 h 150 1 98.5
HTT150-6 h 150 6 98.7
HTT150-11 h 150 11 96.5
HTT200-1 h 200 1 94.5
HTT200-6 h 200 6 95.4
HTT200-11 h 200 11 97.0
HTT225-1h 225 1 93.8
HTT225-6 h 225 6 92.5
HTT225-11 h 225 11 92.4
HTT250-1 h 250 1 92.5
HTT250-6 h 250 6 82.8
HTT250-11 h 250 11 74.1
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materials in various solvents, owing to hornification and supramolecular
rearrangement phenomena as recently observed in heat treated insu-
lator papers [39,83]. For similarly treated cellulose samples even
reluctancy towards hydrochloric acid hydrolysis was observed, which
was attributed to the partial formation of a “thermostable condensed
phase” [50]. In accordance with the literature, we did encounter
dissolution problems to different extents in both SEC and NMR sample
preparation in the harsher treated samples (HTT200-11 h,
HTT225-11 h, HTT250) owing to an inert solid phase. In the NMR
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investigations, however, for all samples a cellulosic phase was evident in
the spectra. Nonetheless, the inaccessibility of the “thermostable
condensed phase” to the performed solution state analytics represents a
clear blind spot and must be considered in the interpretation of the re-
sults. Noteworthy, in the dissolution of the heat treated Ioncell® fibers
in the NMR electrolyte, the insoluble phase kept the fibrous shape of the
starting material after dissolution. Moreover, in the samples where first
signs of an insoluble phase were discernible (e.g., HTT200-11 h), the
solid residue did not appear as fine particles, as would be expected for a

loncell 1h 6h 11h
(a) HTT150 (b) HTT200
> “ OO 77N

) 18
=

[ 1 | ! I ! | '
(c) HTT225

v &S
L

ottt
5.2 5.0 4.8 4.6 4.4 4.2
H/ ppm

40 52 5.0 4.8 4.6 4.4 4.2 4.0

H/ ppm

Fig. 1. Comparison of the relative peak intensities of the acetal spectral region of the diffusion edited 'H spectra for the different series of isothermally treated
Ioncell® fibers. a) HTT150; b) HTT200; c¢) HTT225; d) HTT250. The spectra show that the chemical changes up to a heat treatment of 225 °C (HTT225) are
marginal and the materials predominantly consist of AGUs. Two new peaks emerge at 5.05 and 4.55 ppm (L1 and L5, see Fig. 2), which could be assigned to LGA end
capped cellulose structures. The relative peak intensities of the non-reducing ends (NREs; see Table S3) increase while no resonances of reducing end groups become
visible. This supports the depolymerization of the cellulose backbone under formation of LGA structures. Additionally, the relative intensities of the xylan moieties
decrease owing to the reduced thermal stability of the hemicelluloses (AXU; see Table S4). After prolonged treatment at 250 °C (d) the accumulation of an insoluble
“thermostable condensed phase” in the samples led to problems in the NMR measurements causing badly resolved spectra. Nonetheless, even after 11 h at 250 °C the
samples still had a measurable cellulosic fraction. All spectra measured using: [P4444]1[OAc]:DMSO-dg 1:4 wt%, 65 °C, 2.5 wt%, 400 MHz. Full spectra are shown in

the ESL
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random formation. Instead, full segments of fibers became insoluble.
The formation of the so called “thermostable condensed phase” was first
described by Pastorova et al., who attributed it to the formation of a
“new polymer” [35,50]. Thermal auto-crosslinking of cellulose was
often discussed in the literature as having an influence on the progress of
the pyrolysis and proposed to occur following different mechanisms
[49]. Such thermal cross-linked structures are long known and were
initially postulated by Madorsky [84] and later confirmed by Kilzer and
Broido [85], who also connected them with increased char yields.
However, based on the literature reports we are not certain, if the
“thermally crosslinked structures” predominantly postulated to keep
their polysaccharidic nature and the “thermostable condensed phase”
proposed as a “new polymer” describe the same material or must be
treated as separate or subsequent intermediates.

3.2.1. Solution state NMR spectroscopy

For the solution state NMR study, twelve heat treated fibers (see
Table 1) and four MCC samples were screened for new functionalities in
the bulk material, by comparison with the starting cellulose materials.
Thereby, in the heat treatments up to 225 °C even for extended periods
of time the differences in the spectra compared to the starting material
were rather small. Also, no complete depolymerization to very low
molecular weight tar fractions was observed. Only in the diffusion edited
H spectra, in which the resolution of minor constituents is artificially
enhanced [69], additional peaks in the acetal region (approx.
4-5.5 ppm) were visible (see Fig. 1). However, the functionalities were
present in low quantities in these samples and did not show clearly
discernible signals e.g., in the conducted 'H-'3C HSQC experiments. As
the applied diffusion editing filters out low molecular weight constitu-
ents, the signals can be assigned to transformations on the polymeric
chain. There were no signs for either carbonyl or alkene moieties in the
dissolved polysaccharidic fractions even after treatment at 250 °C.
Furthermore, no signs for degradation to low molecular compounds
were apparent in the quantitative 'H or HSQC spectra. These could be
expected especially for the postulated keto-anhydroglucose structures,
owing to beta-elimination in the alkaline acetate-based NMR electrolyte
[86]. Similar degradation phenomena in the NMR solvent were recently
reported for periodate oxidized cellulose [70,87]. Given that the
employed electrolyte was applicable to a variety of different oxidized
cellulosics the dissolution or degradation of the structures proposed by
Tang and Bacon can be expected [70,71]. As their presence could not be
evidenced, this strongly disfavors their formation in significant quanti-
ties in the investigated low temperature range in the cellulose bulk
material [38]. Additionally, no signs of degradation or leaching of low
molecular compounds (e.g., oligosaccharides, chromophores, aromatics)
of the insoluble phase was observed even in the long-time treated
samples and considering the harsh dissolution conditions (stirring in
[P4444]1 [OAC]:DMSO-ds (1:4 wt%) at 65 °C for 16-20 h). Notably, low
molecular weight compounds were extracted, for example with water
[58], and investigated by generally more sensitive chromatography
tools. Thus, while they are likewise present, peak superpositions or their
low quantities prevented a detection with the applied NMR technique.

In the fiber sample treated for 1 h at 250 °C, the soluble fraction gave
very low viscosity solutions, allowing to increase the measuring con-
centration to 5 wt%. A small portion of “thermostable condensed phase”
was already formed leading to particles in the NMR tube. While these are
known to affect the measurement, e.g., by impairing the line shaping, the
sample still gave very well resolved spectra with high peak intensities.
However, in the samples kept at 250 °C for longer periods (HTT250-6 h
and HTT250-11 h), the solid fractions became problematic and led to
broad and poorly resolved peaks (see Fig. 1d and ESI). Additionally,
smaller peaks in the aliphatic region (2.02 and eg.,1.24 ppm) emerged in
the diffusion edited spectra along with the occurrence of insoluble ma-
terial. Nonetheless, the spectra evidenced the presence of significant
amounts of polysaccharidic fractions even after treatment at 250 °C for
11 h.

Journal of Analytical and Applied Pyrolysis 175 (2023) 106153

In the 'H-'3C HSQC spectrum of HTT250-1h the peaks in the acetal
region (*H = 5.05 and 4.55 ppm) — the same as observed in the reso-
lution enhanced diffusion edited samples in the milder treated samples —
showed clear resonances and could be assigned. 'H-'3C HMBC spec-
troscopic analysis of the sample and an overlay with the HSQC spectrum
also allowed to connect the observed peaks to a full spin system (Fig. 2).
Owing to the strongly reduced DP of the soluble fraction, the HMBC
spectrum was well resolved and showed additional interactions of the
cellulose backbone compared to the starting material. The most pro-
nounced signal in the acetal region (*H = 5.05 ppm) exhibited clear 2J¢.
u and 3Jc.p couplings, partly extending into the polysaccharide back-
bone region. The evident spin system (Fig. 2) could be assigned to a
levoglucosan moiety, and the respective peaks (L1-L6) are listed in
Table 2. Measurements of commercially obtained LGA in both DMSO-dg
and the [P4444][OAc]:DMSO-dg (1:4 wt%) electrolyte were performed
for comparison and gave spectra with similar shifts as in the heat-treated
samples (see ESI Figs. S21-25). Further spectroscopic evidence for a LGA
unit can be found in the same peak splitting of the diastereotopic hy-
drogens of the L6 -CHy moiety. The observed small aberration in shift
values is suspected to be a consequence of the different molecular con-
nectivity at L4 owing to the bond with the cellulose backbone, which is
further evidenced by a 3Jcp coupling reaching from L4 over the
glycosidic bond to an acetal carbon of the cellulose backbone (Fig. 2 and
Table 2).

Levoglucosan can only be present at the reducing end groups (REGs)
of the cellulose chains. It is formed either through dehydration of the
initially present REGs or transglycosylation along the cellulose back-
bone. In addition to the markably lower viscosities of the dissolved
samples treated at higher temperatures (HTT250), depolymerization
following isomerization of the AGUs leading to LGA structures is sup-
ported by the more pronounced intensity of the C1 resonance (*H = 4.30
/13Cc=102.6 ppm) of the non-reducing end (NRE) with the concomitant
absence of signals for REGs (see Fig. 1) [69-71]. Comparing the relative
intensities of the L1 peaks for the different experiments shows that at
150 °C only a small amount of LGA structures is formed even after 11 h
(Fig. 1a). The relative intensities for the samples treated at 200 °C,
225 °C and sample HTT250-1 h become more pronounced, however,
there is no sign that the amount of LGA structures increases significantly
either by using higher temperatures or prolonged holding times
(Fig. 1b-d). Instead, the intensities remain almost constant. This might
be a consequence of subsequent cross-linking reactions of the LGA
moieties resulting in steady state-like equilibrium. It is also possible that
only parts of the macromolecular cellulose structure, e.g., the amor-
phous regions, undergo the partial depolymerization, while other, more
crystalline areas remain stable.

The additional peaks in the aliphatic region of the samples treated
under harsher conditions (see spectral catalogue in ESI) were more
difficult to assign, owing to strong superposition with the signals of the
[P44441[OAc] electrolyte, especially in the 2D NMR spectra. Thus, as-
signments had to rely on the shifts in the diffusion edited 'H experiment.
The peak observed at 2.02 ppm is characteristic for cellulose acetate and
was recently assigned to a stereoselective acetylation at the C6 position
of the cellulose backbone [88,89]. In this study the cellulose acetate
most likely is formed during dissolution through a side reaction of the
acetate anion in the electrolyte with a generated unstable or reactive
intermediate in the cellulosic materials. We considered a reaction of the
LGA end-capped moiety as the origin of the signal, but the control
experiment with commercial levoglucosan did not show such an acetate
formation in the electrolyte solution under the applied dissolution and
measuring conditions (65 °C, 16 h; see ESI Figs. S24-25). Also, 1,
2-anhydroglucose which was postulated as precursor in the formation
of levoglucosan [90] could be excluded as possible source of the signal at
2.02 ppm, as opening of the epoxide functionality would result in
modifications either on C1 or C2 of the moiety with expected shift values
below 2 ppm. In conclusion, we admittedly cannot identify the exact
nature of the intermediate responsible for the C6-acetate peak.
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Fig. 2. Zoom into the polysaccharide region of
an overlay of a multiplicity edited ‘H-'3C
HSQC (CH and CH3 = blue; CH; = red) and a
1H-13C HMBC (green) spectrum for an Ioncell®

95 fiber treated at 250 °C for 1 h (HTT250-1 h;

measuring concentration = 5 wt%) Only peaks
60 of the LGA end capped cellulose moieties are
[ highlighted (L1-L6), while the residual cellu-
65 lose, hemicellulose and unassigned peaks are
I shown in grey (see ESI Tables S3 and S4). The
70 signals and multiple bond correlations are in

accordance with the LGA structure (see ESI
Figs. $21-25). A 3Jc. coupling between L4 and
an acetal cellulose peak (C1’) proves the
attachment to the cellulose backbone. Both
spectra obtained using: [P4444][OAc]:DMSO-dg
1:4 wt%, 65 °C, 400 MHz 'H frequency. Diffu-
sion edited 'H spectrum shown on top.

& L2

5
()]

S
3C (ppm)

52 50 48 46 44 42 40 38 36 34
'H (ppm)

Table 2

Peak assignment for LGA end capped cellulose resonances according to the "H-'3C HSQC spectrum of sample HTT250-1 h ([P,44441[OAc]: DMSO-dg (1:4 wt%); 65 °C;

measuring concentration = 5 wt%).

Structure: Atom Nr.: 'H / ppm 3¢ / ppm
L5 L1 5.05 103.4
(0] L2 3.14 74.2
HO OH c1' L6 L3l 3.42 72.6
o L1 L4 3.47 80.4
o) L4 (@) L5 4.55 74.9
R (0] L6 3.67 /3.49 65.7
OH 3 L2 c1’®l 4.36 101.3
HO OH

R = Cellulose

[a] owing to intensive peak overlap in the spectral region, the actual shifts might vary

[b] resonance of the cellulose AGU neighboring the levoglucosan end cap

Aliphatic signals below 2 ppm — most pronounced at 1.24 ppm — in
the diffusion edited 'H experiments could not be assigned at all, as they
did not exhibit significant peaks in the other conducted NMR experi-
ments and heavily superimposed with the residual [P4444][OAc] reso-
nances. However, the observed shifts are not in accordance with alpha
carbonyl protons as expected for the postulated dehydrated carbonyl
structures. Based on their shifts the peaks should be caused by simple
alkyl chains, not connected to oxygen. However, it is unclear how these
moieties would form in the polymer fractions at the investigated tem-
perature ranges. The signals could as well be artifacts from insufficient
diffusion editing or stem from leaching of the residual suspended par-
ticles. Noteworthy, peaks or plateaus in the aliphatic region were also
observed in solid state 1>C NMR investigations of cellulose treated at
300-400 °C [42].

Besides the signals of the polymeric fractions no evidence for low
molecular mass compounds associated with the tar forming reaction
pathway were obtained. This is ascribable to the presumably small
amount of formed tar fractions at the investigated temperature, super-
position with the more pronounced polymeric peaks and the signifi-
cantly lower resolution of the applied method compared to, e.g., the GC-

MS protocols commonly used for the investigation thereof. Importantly,
there was also no sign of monomeric levoglucosan in considerable
quantities (compare peak differences of Fig. 2 with Figs. $24-25 in ESI)
but clear evidence of cellulose bound LGA-structures.

On a qualitative basis the used fibers were comparably stable to-
wards both, the investigated heat treatments, and the conducted sample
preparation. However, there was a clear difference between the stability
of the cellulose and hemicellulose constituents of the fibers towards
heating. The peaks of the anhydroxylan units (AXU, see ESI Table S4)
disappeared during prolonged treatment at 250 °C (Fig. 1d). The
reduced thermal stability of hemicelluloses compared to cellulose is well
known [91-93].

Noteworthy, in the HTT250-1 h sample also a relatively strong,
characteristic peak emerged in the HSQC spectra (CH or CHs at 'H =
4.26 / 13C = 77.3 ppm), which was connected to various peaks in the
polysaccharide region through HMBC interactions. We suspect this peak
might stem from a crosslinked structure. However, owing to strong su-
perpositions by the other constituents we did not succeed in elucidating
the structure responsible for this spin system.

To cross validate the results, a comparative NMR study was
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conducted on similarly heat treated Avicel® PH-101 (see ESI
Figs. S62-73), as a well understood cellulose model substance [76]. Only
samples treated for 1 h in the four respective temperature steps were
prepared, as the longer lasting experiments did not introduce significant
chemical changes in the fiber substrate. On a qualitative basis the results
were in accordance with the fiber measurements and only the formation
of LGA end capping without carbonyl formation was observed. How-
ever, the highly crystalline cellulose I material proved to be more
thermally stable than the fibers, consisting of cellulose II with a higher
share of amorphous regions. Thus, no significant formation of an
insoluble thermostable phase at 250 °C was observed and the depoly-
merization of the soluble fractions was negligible. While the spectra
were recorded on a spectrometer with a higher magnetic field (600 MHz
vs 400 MHz), the investigated dissolved NMR samples did not give
additional information on the chemical composition, owing to low
relative peak intensities and higher viscosity. Also, the still visible
hemicellulose resonances rendered Avicel® PH-101 as a non-ideal
model compound for the solution state NMR investigations (see ESI
Fig. S64).

3.3. Thermal analysis

The STA-MS experiments offered insights on the dynamics of mass
loss and gas emission during the heat-treatment. The mass loss com-
bined with HoO and CO; emission profiles during heat treatment ex-
periments at 200 and 250 °C are shown in Fig. 3. The results confirm the
low mass loss at 200 °C, which was accompanied by a sharp release of
water during the drying stage at 105 °C, and a subsequent and a sur-
prising cyclic water release once the 200 °C plateau was reached. Ac-
cording to the published literature, the temperature of 200 °C seems to
be the minimum temperature at which water can evolve from chemical
processes during cellulose pyrolysis [44]. However, it was postulated
that the water emitted at the 200 °C plateau corresponds to a structural
or bound water, which is more difficult to remove thermally from the
cellulose structure, in comparison with more loosely bound excess water
[94]. The minor amount of CO2 corresponding to a small and noisy
emission peak close to 200 °C, can result from the decomposition of the
less thermally stable residual hemicelluloses.
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The mass loss rate increased significantly during the 250 °C experi-
ments due to the exponential dependence of the reaction rate on tem-
perature. The water and carbon dioxide emission profiles followed
closely the mass loss rate curve (see ESI, section on thermal analysis).
The gravimetric mass loss in the 200 °C experiment matched well with
the mass of emitted HyO and CO; quantified by mass spectrometry. In
the 250 °C experiment, the gravimetric mass loss (21.2 wt%) was higher
than the mass of H,O and CO», which represented respectively 6.7 wt%
and 4.4 wt% of the initial cellulose mass and a bit more than 50% of the
overall gravimetric mass loss. An overview of reactions leading to the
chemical formation of water from cellulose is given in a comprehensive
review by Scheirs et al. [44]. The residual mass loss can be ascribed to
evaporation of low molecular weight organic compounds expulsed
following tar forming or fragmentation reactions.

The very close correspondence of the H,O and CO5 emission profiles
with the peak of mass loss rate suggest that they are the products of fast
dehydration and decarboxylating secondary reactions with respect to
the main controlling step of depolymerization by LGA formation. Cel-
lulose pyrolysis thermograms are well described by a first order rate
equation with a high activation energy (close to 200 kJ/mol) corre-
sponding to the transglycosylation step [26]. A similar model is shown
in the ESI and gives a pre-exponential factor and an activation energy of
3.810'7 5! and 234 kJ/mol, respectively. Such a high activation energy
cannot be attributed to dehydration or decarboxylation reactions. Ac-
cording to the first-order global kinetic model describing cellulose py-
rolysis (see ESI), at a constant temperature, the mass loss rate divided by
the remaining mass at the time t corresponds to the rate constant.
Assuming the elimination of LGA ends occurs with the same rate of
transglycosylation, we can estimate an average time — expressed as the
inverse of the rate constant — which LGA spends in the cellulose matrix in
a linked form [20]. The time corresponds to ~ 50,000 h and ~ 170 h,
respectively at 200 °C and 250 °C. This explains the accumulation of
LGA end capped structures in the materials and their detection in the
NMR spectra from a thermodynamic point of view.

3.3.1. FTIR spectroscopy
FTIR spectroscopy was applied to monitor the chemical and struc-
tural changes in the original and heat-treated cellulose fibers. The FTIR
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Fig. 3. Mass loss, H,O and CO, emission profiles as a function of time during the heat-treatment of Ioncell® cellulose fibers at 200 °C (left) and 250 °C (right).
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spectra of the original and heat-treated Ioncell® cellulose fibers are
shown in Figs. S10-S13 in the ESI. The FTIR spectrum of the original
fibers contains several bands which are characteristic of the molecular
vibrations in cellulose II structures [95,96].

The spectra of the original and heat-treated fibers at 150 — 200 °C are
essentially the same, regardless of the holding time. Slightly lower OH
stretching band intensity in fibers treated at HTT200 may indicate the
beginning of dehydration, or the weakening and rupture of hydrogen
bonds due to the thermal stress [97], especially at the highest holding
time in HTT200-11 h.

The intensity of the band at ~990 cm™, which is assigned to C-O
skeletal vibration in secondary alcohols, decreased at 225 °C and is
connected to the occurrence of dehydration reactions, as suggested by
Pastorova et al. [35]. However, it remains unclear to us why this band
intensity increased again in HTT250-1 h and decreased for longer
holding times.

IR absorption at frequencies of ~1610 and ~1710 cm’, corre-
sponding respectively to the stretching vibrations of C=C and C=0
bonds, increased markedly in HTT250-6 h and HTT250-11 h. They are
associated with the formation of C=C bonds and carbonyl structures.
The carbonyl groups might participate in a variety of thermal degra-
dation reactions also involving carboxyl groups, which can give rise to
carbon monoxide and carbon dioxide, as observed in our STA experi-
ments at 250 °C.

Decoupling the contribution of the C=C stretching from the O-H
bending vibrations (~1640 cm™) remained challenging as their ab-
sorption frequency regions overlap. However, the occurrence of an O-H
stretching band in the 3000-3700 cm™! region suggest that the O-H
bending vibrations still contribute to the absorbed intensity in the
1500-1700 cm™ region. Besides the marked changes in the C=0 and
C=C absorption regions, the small changes in the C-O stretching in the
pyranose ring at ~1110 cm™ and C-O-C skeletal vibrations at 1020 cm™
suggest that the pyranose structures of the cellulose chains remain
essentially unaltered.

Altogether, FTIR spectroscopy indicated that the dehydration re-
actions of Ioncell® cellulose II fibers start in the temperature range of
225 — 250 °C and become significant at 250 °C for holding times higher
than 1 h. It seems that except for the samples prepared at 250 °C, the
lower temperature samples underwent mainly DP reduction reactions
and less extensively dehydration reactions.

Concerning the MCC samples (see Fig. S14), except some decrease in
the OH stretching vibration band intensity, the spectra of MCC samples
treated at the four temperatures for 1 h are similar. This greater simi-
larity of the spectra can be explained by the higher thermal stability of
MCC due to its cellulose I structure.

3.3.2. Size-exclusion chromatography

Regenerated cellulose fibers represent a challenging analyte for SEC
analysis in general, which is expectedly further aggravated by the per-
formed heat treatments. Especially when samples were treated under
harsher conditions and a “thermostable condensed phase” was formed,
problems with partial insolubility were observed. While the obtained
SEC data and the thereof derived molar mass averages are thus know-
ingly compromised and should be interpreted with care, comparison of
the soluble fractions still allowed for insights into the depolymerization

Table 3
Molar mass averages (M, weight-average molar mass; M, number-average
molar mass) and dispersities (D) for heat-treated cellulose samples.

HTT /°C M,, / kDa M, / kDa b

Ref. 155 63 2.5
150 265 73 3.6
200 77 12 6.4
230 222 38 5.9
250 51 6 8.4
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and subsequent crosslinking reactions. Molar-mass averages (M,, and
M) and dispersities (B) for heat-treated Ioncell® fibers are listed in
Table 3. Already with moderate heat treatment at 150 °C the molar mass
increased, indicating cross-linking. Usually, low temperature heat pre-
treatments were related to depolymerization reactions to a level-off DP
[49]. However, unexpected repolymerization was also observed in a
thorough SEC study on insulator papers aged at 170 °C for extended
periods [83]. In our experiments the presumed onset of
re-polymerization was observed at lower temperatures and treatment
times. This might be a consequence of the lower thermal stability of the
regenerated cellulose II fiber, compared to the cellulose I insulator pa-
pers used by Jusner et al. [83]. Another indication for competing
depolymerization and repolymerization reactions can be found in the
increasing dispersities for heat-treated samples compared with the
reference fiber (Table 3). Furthermore, the molar masses for samples
heat-treated at higher temperatures did not show a clear trend for either
preferred depolymerization or cross-linking over the investigated tem-
perature range.

Evidence on the cross-linked structures could also be obtained from
the conformation plots (double logarithmic plot of radius of gyration
and molar mass) which are overlaid in Fig. 4. The relationship between
radius and molar mass gives information on polymer architecture [98].
The slope of the fitted straight line of around 0.33 indicates the presence
of compact and/or branched structures, the slope of around 0.5 is typical
for random coil polymers in a good solvent, and slope of around 1 in-
dicates the presence of extended rod-like structures [99]. In general, for
linear polymers such as for cellulose, radius of gyration increases with
increasing molar mass. This is the case for the reference fiber. Also, the
slope of the conformation plot for the reference fiber (covering the molar
mass range from around tens to a couple of hundred kDa) is in the range
of a typical random coil polysaccharide (0.55). This is clearly not the
case for the heat-treated samples for which the slope in this same molar
mass region is significantly lower. This indicates the presence of
branched, cross-linked structures. Again, similar yet less pronounced
cross linking in the conformation plots was observed in the aged insu-
lator papers [83]. The slope for the fiber treated at 200 °C (0.26) was
higher compared to the slopes of the other heat-treated samples (close to
0). At this temperature, the depolymerized fragments seem to be more
linear compared to the fragments released at the higher temperature of
250 °C. The difference between the slopes is not that substantial in the
high-molar-mass region.
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Fig. 4. Conformation plots with linear fitting and slopes of the fitted data for
heat-treated samples and the untreated reference.
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3.4. Discussion

The conducted experiments allowed for additional insights into the
chemical and structural transformations during the early stages of cel-
lulose pyrolysis at temperatures below 250 °C. Foremost, by utilizing
solution state NMR it was possible to unequivocally prove the occur-
rence of LGA end capped cellulose structures as first and dominant in-
termediate in the bulk material. In accordance with previous in-silicio
studies [59], we could experimentally validate that the formation of
LGA structures first occurred at the reducing end groups. At tempera-
tures around 200 — 250 °C further LGA moieties were formed through
intramolecular transglycosylation reactions leading to chain scissions.
As the LGA groups were bound to cellulose and no signs of free,
monomeric LGA (compare Fig. 2 and Figs. 524-25) were evident, we
conclude that the scission selectively at the ends leading to “unzipping”
of the polymer does not occur in significant quantities in the investigated
temperature ranges. The presence of LGA bound to cellulose as
compared to the presence of monomeric LGA, also agrees with kinetic
models suggesting that LGA exists predominantly bound to cellulose and
the formation of LGA end capped structures is the rate-limiting step
[20]. Up to a temperature of 225 °C the investigated samples proved to
be fully soluble in the NMR electrolyte and did not show any significant
chemical transformations, except for the presence of small quantities of
LGA end capped structures only visible in the diffusion edited 'H
spectra. This can be a consequence of the dehydration of pre-existing
reducing end groups (REGs) or REGs formed through often-observed
thermal depolymerization in the amorphous regions. In the harsher
treated cellulosics (HTT250-1 h) two distinguishable fractions were
observed: An easily soluble fraction consisting of very low DP LGA-end
capped cellulosic structures, characterized by low viscosity after disso-
lution and high end-group peak intensities in the NMR spectra; and a
second completely insoluble and inert fraction, dark-brown to black in
its appearance. This observation is in line with previous reports, where
the latter fraction was termed as “thermostable condensed phase” and
even resisted hydrochloric acid hydrolysis [35,50].

There were no signs for either alkene or carbonyl functionalities in
the NMR spectra up to 225 °C and in the soluble fractions at 250 °C.
However, clear vibrations for these moieties were discernible in the FTIR
spectra for the samples treated at 250 °C. As the vibrations only
appeared in connection with the occurrence of the insoluble fraction, we
emphasize that the associated dehydration reactions predominantly
occur in the insoluble phase. Noteworthy, a discrepancy between solid
state NMR and IR spectroscopy was also observed previously, where no
significant carbonyl peak intensities were observed in *C NMR spectra
of microcrystalline cellulose heat treated at 250 °C, while the bands
were clearly present in the IR spectra. Only after treatment at 270 °C
carbonyls were discernible both in solid state NMR and IR [35].

Thus, the AGU repeating units proved to be more stable towards
dehydration reactions than in other postulated mechanisms, e.g., from
Tang and Bacon [38], where the onset of the reaction is set to 150 °C.
Instead, up to at least 225 °C no serious dehydration from the cellulose
backbone could be evidenced, even while working with less thermally
stable cellulose II fibers. In line with the conclusions of Antal [49] results
favoring the importance of depolymerization and cross-linking phe-
nomena of the polysaccharides in the respective temperature range were
obtained. While also suffering from partial solubility issues in the DMAc
/ LiCl system, the SEC results hinted towards strong structural changes
in the soluble fractions, shown as the high molar mass dispersities and
crosslinking.

The herein used experimental setup proved to be insufficient to get
further insights into the cross-linked fractions by NMR spectroscopy.
Given the evidenced presence of LGA structures and the similarities
between the products of levoglucosan and cellulose carbonization, [63]
there are probably some similarities in their thermo-induced bond for-
mation as well [60-62]. The results of LGA thermal polymerization
hinted towards a cationic polymerization with an autocatalytic
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behavior, which adds another layer of complexity to the problem [62].
However, the carbonization of pure levoglucosan did not show signifi-
cantly higher char yields than cellulose [55]. Thus, the operative re-
actions must be more complex and include synergistic effects of
levoglucosan and anhydroglucose structures. The remarkably high char
yields obtained from a LGA end capped disaccharide structure (malto-
san) would support this claim [55]. Presumably, the presence of a more
reactive primary alcohol structure at C6 is important for the crosslinking
[61]. However, also other crosslinking reactions, like transetherfications
were reported in heat treated celluloses and might contribute to the
overall reaction scheme.

Based on our results and literature reports LGA containing structures
thus very likely occur and participate in the char forming pyrolysis
pathway and not only in the tar formation. However, as was pointed out
by Kawamoto in his seminal review on the operative chemistry of cel-
lulose pyrolysis [100], the crosslinking of LGA moieties represents a
reversible reaction and the formed structures do not offer a viable
explanation for the subsequent dehydration reactions. Additionally, the
SEC results indicated that significant crosslinking already occurred at
temperatures (150 — 225 °C; or 170 °C [83]) not having a sizeable effect
on overall char yields [43]. Thus, while the crosslinking of LGA struc-
tures likely influences the carbonization process by partly reversing the
unzipping reactions and “capturing” LGA moieties in the solid fractions,
we are skeptical that it is directly responsible for the observed higher
char yields. Instead, we surmise the thermal cross-linking only enables
the subsequent dehydration by introducing different glycosidic bonds
and loosening or breaking-up the rigid H-bonding patterns in the crys-
talline areas, associated with the high thermal stability of cellulose
compared to chemically similar polysaccharides [59,100]. This might
lead to a partial transformation to pyrodextrin-like compounds which
are known to be less thermally stable [49].

Regarding the operative dehydration mechanism, no structures for
carbonization intermediates could be directly evidenced in this study.
Given the occurrence of carbonyl and alkene bands in the FTIR of
harsher treated samples in connection with the detection of water in the
STA-MS experiments, reactions leading to the expulsion of water from
the solid residue occurred at least in the range of 225-250 °C. This
coincided with the formation of an insoluble and inert phase, previously
described as “thermostable condensed phase”. To the best of our
knowledge the composition of this material was only investigated once
[35], and the transformation of cellulose to a “new polymer” with fur-
anoid skeletons, hydroxyaromatic skeletons, unsaturated hydrocarbon
chains, carbonyl and carboxylate functionalities was proposed. Based on
our NMR study it seems likely that dehydration reactions lead to its
formation and that the subsequent reactions at higher temperatures —
ultimately resulting in the formation of char — occur in this insoluble
phase. It should be noted that the herein applied NMR electrolyte was
applicable for a variety of polysaccharides and was more specifically
used to analyze different oxidized celluloses [69-71]. Structures formed
from simple dehydration of the AGUs as proposed in literature should
have shown at least partial solubility or degradation peaks owing to beta
elimination reactions [86]. Furthermore, it seems unlikely that simply
oxidized structures would have withstood the acid hydrolysis protocol
as reported in literature [50]. These observations contrast with mech-
anistic proposals where simple dehydration from the cellulose backbone
is proposed [38]. While we could not further add to the elucidation of
the chemical composition of the “thermostable condensed phase” in this
study, we support the claim of Pastorova et al. that it is formed following
more complex transformations. Importantly, this insoluble phase should
be differentiated from thermally cross-linked polysaccharides formed
during earlier cellulose heat treatment, which showed at least partial
solubility in the NMR and SEC electrolytes. These polysaccharidic
fractions represent a separate intermediate, which can pyrolyze both
following the carbonization pathway after dehydration and trans-
formation to the “thermostable condensed phase” or following the tar
forming pathway after “unzipping” to volatile LGA at higher
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temperatures. We surmise that only the “thermostable condensed phase”
represents an important intermediate of the char forming pyrolysis
pathway.

Overall, this study also once again highlighted the analytical diffi-
culties connected with the study of the chemistry of cellulose heat
treatments. Our approach allowed to investigate the formed chemical
structures with so far not attainable resolution. Nonetheless, it suffered
from analytical blind spots introduced by partial (in)solubility, thus
providing only another piece of the complete picture. Also, we did not
consider several factors in our experimental design, like the supramo-
lecular structural changes [39], the consequences of the
non-homogenous progress of the transformations caused by heat trans-
fer limitations [59] or the occurrence of possibly catalytically active
secondary reactions [20,27,28] in this work. Likewise, they all have a
considerable influence on the overall course of the reaction in the
investigated temperature range. In general, given the already exhaustive
— and partly contradicting — literature concerning the investigated topic
a holistic research approach considering all already reported contrib-
uting factors seems hardly possible [23,44,49,100].

4. Conclusions and outlook

Application of state-of-the-art solution state analytical techniques
allowed to reinvestigate several aspects of the chemistry of low tem-
perature pretreatment of cellulosic fibers. Solution state NMR evidenced
the predominant formation of LGA moieties at the reducing ends of
cellulose fragments as first step of the occurring transformations. Also,
the general onset of the reactions was found to be higher than reported
in literature. Up to a temperature of 225 °C no signs for newly formed
chemical functionalities were discernible, except for LGA moieties
caused by intramolecular transglycosylation and the transformation of
existing reducing end groups. In the SEC experiments both thermal
chain scission and cross-linking was evident in the conformation plots
and the high dispersity of molar mass distributions. The findings are in
line with several studies highlighting the importance of reducing ends
and LGA moieties during cellulose carbonization. However, while these
observed reactions likely participate in the overall carbonization
scheme, they do not offer a viable explanation for the occurring dehy-
dration mechanisms.

Instead, our reinvestigation hinted towards the importance of an
additional phase as a likely intermediate in the dehydration and sub-
sequent carbonization pathway. This previously described “thermo-
stable condensed phase” exhibited an interestingly recalcitrant
dissolution behavior and was so far not extensively examined. Our
future investigations will focus on the formation and chemistry of this
material, to obtain further insights into the reaction mechanisms oper-
ative during cellulose dehydration.

The potential of the applied solution state NMR protocol was
demonstrated but not yet fully exploited in this study. The Ioncell® fi-
bers predominantly used as starting material — although closer to the
actual industrial application of carbon fiber production — possessed
suboptimal properties for the collection of NMR spectra, owing to
comparably high DP and residual hemicellulose content, leading to peak
superpositions. Thus, we are optimistic that the utilization of high purity
and lower DP cellulose model compounds and higher magnetic field
spectrometers can unravel further aspects of cellulose pyrolysis.
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