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Isolation of [3-O-4-Rich Lignin From Birch in High Yields
Enabled by Continuous-Flow Supercritical Water Treatment

Davide Rigo,* Tijana Fechter,” Ewellyn Capanema,*™ Daryna Diment,”” Marie Alopaeus,™
Dmitry Tarasov,” Danilo Cantero,” and Mikhail Balakshin*®

The continuous flow supercritical water (scH,O) treatment of
Birch wood (T=372-382°C; t=0.3-0.7 s; p=260 bar) followed
by alkali extraction of lignin allowed for the isolation of lignin
and lignin carbohydrate complexes (LCCs) with a high number
of B-O-4 moieties in the range 29-57/100 Ar (evaluated by
quantitative *C NMR analysis) in yields ranging between 13-
19 wt % with respect to the initial wood. A “lightning rod effect”
of carbohydrates has been claimed to explain the low
degradation of B-O-4 bonds during the process. The structure
of the isolated lignin was thoroughly elucidated via compre-
hensive NMR studies (HSQC, *C and *'P). A low degree of

Introduction

One of the main challenges to achieve lignocellulosic biomass
fractionization is its recalcitrance™ The nature and the
interaction between the major biomass components (lignin,
cellulose and hemicellulose) create a stress resistant structure in
plants cell wall, which requests efforts to be broken down.”
Various methods are reported in the literature for biomass
fractionation, like acid®® and alkali treatments,'” and enzymatic
hydrolysis.”’ Such strategies pose some drawbacks. Enzymatic
hydrolysis requests pre-treatment steps to facilitate the enzy-
matic digestibility and to be more effective.® These additional
sequential steps make the overall procedure more costly
compared to one-step processes. Acid treatment of wood
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condensation (DC) <5% was found for all the lignin samples,
which was only slightly dependent on the reaction severity. The
number of aliphatic —OH, phenolic —OH, and —COOH groups
was in the range 3.37-5.25, 1.41-2.31 and 0.39-0.73 mmol/g,
respectively. The number of —COOH groups increased with
increased severity, suggesting that oxidation can occur during
the scH,O treatment. Furthermore, by simply varying the
reaction severity, it was possible to tune important lignin
properties, like the molar mass and the glass transition temper-
ature (T).

generally requests high acid concentration (over 30%) at
moderate temperatures (T<100°C).”) In that regard, the high
corrosivity of inorganic acids (i.e., sulfuric acid) not only
represents an engineering challenge in the reactor design but
also might cause health hazard to the Lab operators. Though
alkali-mediated fractionation is one of the most used and
effective method, it promotes several side and unwanted
reactions in lignin such as the cleavage of p—O-aryl units.”
Other strategies are based on hot water treatments."*"¥ Never-
theless, they generally require long reaction times (t>1 h) and
high temperature (130°C<T<250°C) to achieve separation of
the carbohydrate fractions from lignin.

An alternative method for biomass fractionation is via
supercritical water (scH,0) treatment."*'” Such an approach is
attractive because the biomass separation can be achieved
within short time (t < 1 min)"™® and since water is an inexpensive
and non-toxic reaction medium. Intriguingly, water at the
supercritical state (T.=374°C, p.=22.1 MPa) dramatically
changes its characteristics when compared to its behavior at
ambient conditions. To summarize: i) the dielectric constant of
scH,O decreases, leading to an increased affinity towards
organic compounds; ii) the number of H-bonds decreases; iii)
the ionic product of water (K,) decreases from 10 '* at room
temperature and pressure to 10722 at 400°C and 25 MPa,™
becoming highly neutral medium. In addition, the scH,O
properties can be easily tuned by adjusting the reactions
parameters (mainly pressure and temperature)."

Numerous studies reported the use of scH,O as reaction
medium for the treatment®?" and gasification®*?* of wood,
and reforming of lignin oil.?” Such topics have been thoroughly
reviewed elsewhere =% The scH,O fractionation of Birch wood
received little attention in batch. For instance, Quian etal.
investigated the NaCOs-catalyzed liquefaction of birch wood
with sub- and supercritical water to yield bio-oils.®" Azadi et al.

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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studied the production of H, from birch wood bark.*? However,
to the best of our knowledge no reports refer to the use of
continuous flow scH,O systems for the fractionation of Birch
wood.

Continuous flow represents a valuable opportunity to carry
out biomass fractionation using supercritical water as the
reaction medium. Hence, IUPAC ranked continuous flow (CF)
technologies among the “Top Ten Emerging Technologies in
Chemistry”,®¥ due to their several outstanding features, like an
improved heat transfer, a decrease in the equipment size/
production capacity ratio, and minor energy consumption and
waste generation, among others.®¥ An almost instantaneous
mixing is usually achieved in micro-structured reactors, which
allows to decrease the reaction time and energy consumption
(process intensification).® In addition, CF enables for a quick
variation of reaction conditions (T, p, flow rate, concentration,
etc.), leading to rapid reaction optimization.

Our group exploited the advantages of CF chemistry and
scH,O for the implementation of a scH,0 CF system for biomass
fractionation. This system was created by the University of
Valladolid in 2009.”® The main advantages are: extremely fast
heating of biomass (from room temperature to more than
375°C); precise control of reaction time by reactor volume and
flows, and extremely fast cooling by applying the Joule-
Thompson effect. With such apparatus, we have been able to
recover cellulose and hemicellulose fractions from biomass,'™
to convert sugars-rich biomass into lactic acid,"® for cellulose
hydrolysis,!'”*”! for the upgrading of glucose,*® and for refining
lignin-rich agro-waste.™”

One last aspect to be highlighted is that a high number of
B-O-4 bonds is desired in the isolated lignins. For instance, it
facilitates lignin depolymerization and leads to an increased
yield of monomers/dimers via reductive/oxidative protocols.®”
In addition, we recently found a positive correlation between
the number of B-O-4 units and the lignin sorption capacity."”
Various methods are reported to protect the “native lignin”
structure, such as aldehydes-mediated processes"*? flow
through systems,”® oxidations,*” and cyclic extraction.”” How-
ever, to the best of our knowledge the use of scH,O has not
been accounted as a method to minimize the cleavage of f-O-4
bonds during biomass fractionation.

The combination of our expertise in continuous flow scH,O
processes and in the NMR characterization of biorefinery
lignins">'**" prompted us to implement a scH,0-mediated
process for the fractionation of Birch wood and the subsequent
lignin isolation and characterization. In this work, the fractiona-
tion of hardwood (Birch wood) using continuous flow scH,O as
the reaction medium was studied. The main purpose of this
study was to investigate the impact of the scH,O reaction
conditions on the structure and properties of the isolated
lignins. A comprehensive characterization of the isolated lignins
was performed by 2D HSQC, '*C and *'P NMR analyses, DSC and
GPC.
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Experimental
Materials

Sodium hydroxide (NaOH), sulfuric acid (H,SO,), chromium (Ill)
acetylacetonate, (Cr(acac);), endo-n-hydroxy-5-norbornene-2,3-
dicarboximide (e-HNDI), 2-chloro-4,4,5,5-tetramethyl-1,3,2-diox-
aphospholane (TMDP), deuterated dimethyl sulfoxide (DMSO-
de), deuterated chloroform (CDCl;), P,O;, and pyridine (all
analytical grades) were purchased from Sigma-Aldrich.

Continuous Flow scH,0 Treatment of Birch Wood

Biomass pre-treatment. Silver Birch (Betula Pendula) wood chips
were firstly ground into sawdust (average particle size 2 mm)
using a knife mill. Then, in order to provide proper pumping of
the biomass through the continuous flow reactor, the sawdust
was further milled using ball milling (Retsch) for 2 hours at
room temperature using 14 minutes of break after 1 minute of
milling.

Supercritical water hydrolysis pilot plant. A detailed descrip-
tion of the CF setup can be found in a previous work."" Briefly,
the setup allows a precise control of the reaction time and
temperature. Temperature is designed by enthalpy balance of
the 2 mixed streams at the inlet of the reactor (milled wood
slurry and scH,0). Then the designed conditions are used as
targets for the experiments. The control of the reaction time
was performed by adjusting the reactor volume and the flow.
The homogeneity of wood and scH,O in the mixer allows fast
heating and prevent potential degradation reactions during the
heat-up ramps. The reactor geometry and high Reynolds
number ensure good mixing. After the treatment, the temper-
ature of the reactor was dropped down to 150°C by applying
the Joule-Thomson effect. Due to this fast cooling all reactions
are mostly “frozen”. The reactor operates with fluctuations of
temperature and pressure of +£2°C and £ 5 bar, respectively.

Supercritical water treatment of Birch wood. The scH,O
treatment was carried out by continuously delivering a milled
wood (Birch) aqueous slurry (liquid-to-solid ratio=5 wt%) into
a Sudden Expansion Reactor (SER)."® The experiments were
carried out at a 10 Kg/h scale (Kg are referred to the slurry),
meaning 0.5 Kg/h of treated biomass. The reaction was carried
out at T=372-382°C, p=250 bar, and t=0.3-0.7 s. At the end
of the reaction, the two obtained soluble and insoluble fractions
were separated by centrifugation at 4000 rpm for 20 minutes.

Lignin Isolation From the Treated Slurry

The wet solid residue obtained after the scH,O treatment were
freeze dried using Labconco Freezone 2.5. Then, about 2 g of
freeze-dried sample was alkali extracted (NaOH aq. 1 wt%;
4x20 mL aliquots). The extracted lignin was then precipitated to
pH=25 by adding a diluted H2SO4 mixture (C=0.5M),
followed by filtration on a glass crucible (pore size 5-15 pm).
The filtered lignin samples were exhaustively washed with
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deionized water (100 mL) and then dried on a vacuum oven
(T=40°C, p=5 mbar) using P,0; as dehydrating agent until
constant weight. The yield was evaluated gravimetrically, and
the samples were analyzed by NMR (HSQC, *C and *'P), DSC
and SEC. The lignin samples were labelled S1-4 based on
increased severity (Table S1).

Nuclear Magnetic Resonance (NMR) Spectroscopy

General. The HSQC spectra were recorded with a Bruker
AVANCE 600 NMR spectrometer equipped with a CryoProbe. *'P
and C NMR analysis were performed with a Bruker AV llI
400 MHz spectrometer. The HSQC and *P NMR spectra are
reported in the ESI, while the C spectra are present in the
main text. Reliable quantitative data about p-O-4 bonds and
other moieties in lignin samples are obtained using a combina-
tion of different nuclear magnetic resonance (NMR) spectro-
scopy techniques, such as 2D experiments, quantitative '>C, and
31P.[47'48]

2D HSQC. The experimental procedure was carried out as
we recently reported."? Briefly, 80 mg of sample was dissolved
in 0.6 mL DMSO-d,. The acquisition time was set at 77.8 ms for
the 'H-dimension and 36 scans per block were collected using
the 1024 collected complex points. For the "*C-dimension the
acquisition time was 3.94 ms and 256-time increments were
recorded. The 2D HSQC NMR data were manipulated with
1024x1024 data points applying the Qsine function for both 'H
and “C dimensions. The DMSO peak at 5./8, 39.5/2.49 ppm/
ppm was used for calibration of the chemical shifts. The cross-
peaks were assigned based on the previous reports.>** The
quantity of different lignin and LCC signals was normalized
using an assumption of:

G + S=G, + S,5/2=100Ar m

This assumption implies that the condensation at the
positions of G, and S, of lignin is insignificant. All lignin
samples were analyzed based on this procedure.

P NMR. The amounts of different hydroxyl groups were
determined by *'P NMR spectroscopy according to our
optimized protocol.”” The acquisition time and the relaxation
delay were 1s and 55, correspondingly; 128 scans were
collected. Dry lignin samples (40.00 mg) were dissolved com-
pletely in a 1.6/1 (v/v) pyridine/CDCl; solution (0.4 mL) in a 5 mL
vial. To this mixture, an internal standard (IS) solution (100 pL)
of endo-N-hydroxyl-5-norbornene-2,3-dicarboximide (e-HNDI) in
1.6/1 (v/v) pyridine/CDCl; (C=20 mg/mL) was added (IS:lignin=
0.3 pmol/mg) together with 50 uL of a relaxation agent (Cr-
(acac);) solution in 1.6/1 (v/v) pyridine/CDCl; (C=11.4 mg/mL).
Then, 100 uL of phosphitylation reagent (2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane) was added to the mixture,
which was stirred vigorously. The obtained solution was trans-
ferred into an NMR tube and *'P NMR experiment was
performed. This procedure has been applied for samples 52-4.
The analysis of sample S1 was not possible due to its poor
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solubility both in the conventional pyridine/CDCl; system and
in a modified ionic liquid-based solvent system."

Quantitative >C. About 200 mg of dry sample was dissolved
in 0.55mL of DMSO-d, containing a relaxation reagent,
chromium(lll) acetylacetonate (6 mg/mL). Once the sample was
fully dissolved, the viscous solution was carefully transferred to
an NMR tube. The spectra were collected with a Bruker
400 MHz and inverse gate detection and a 90-pulse width were
used for the quantitative *C NMR acquisition. The acquisition
time was set to 1.2s, the relaxation delay to 25, and the
number of scans to 20000. The spectra were processed as
described earlier.®?

Properties of the Extracted Lignins

Differential scanning calorimetry (DSC). The glass transition
temperature (T;) was determined by differential scanning
calorimetry (DSC) recorded on a Discovery DSC 250 by TA
instruments. Both conventional DSC and modulated DSC
(mDSC) was recorded for the determination. For conventional
DSC 1-3 mg of sample was weighed into a TZero™ aluminum
pan and was measured against an empty TZero™ as a reference.
The samples were heated from 40°C to 115°C at 5°C/min under
a flow of nitrogen (50 mL/min). The temperature was kept at
115°C for 2 min whereafter the temperature was decreased to
—90°C at 20°C/min. Thereafter, the temperature was increased
to 115-200°C depending on the onset temperature for thermal
degradation for each sample (Figure 6). The T, was determined
from the last heating ramp in the TRIOS v5.1.1.5 software.

For MDSC 4-12 mg sample was measured by first heating
from 40°C to 115°C at 5°C/min followed by cooling 20°C (S4
was cooled to —50°C). Thereafter the temperature was
increased to 115-120°C depending on the samples’ onset
temperature for thermal degradation. The modulation temper-
ature was set to 1.20°C and the modulation amplitude was
60 s. The T, was determined from the last heating ramp in the
reversible heat flow curve. The DSC curves for Samples S1 and
S2 are reported in the ESI. For samples S3 and S4 it was not
possible to clearly detected the T, from the DSC curves. For this
reason, they have not been reported in this work.

Molar mass distribution. The HPLC system used was Agilent
1100. The calibration curve was accomplished with polystyrene
sulfonate standards (1000-64000 g/mol), ascorbic acid (176 g/
mol) and NaCl (58 g/mol; detection with refractive index
detector). Molar masses were determined based on the UV
signal at 280 nm and the columns used were Polymer Standards
Service MCX 300x8 mm (three columns with pore sizes of 100 A,
500 A, 1000 A). Flow rate was 0.7 mL/min and injection volume
50 pL. Samples were dissolved in eluent (0.1 M NaOH) at the
concentration of 2 mg/mL. The chromatograms are reported in
the ESI section.
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Results and Discussion

The scH,O treatment of birch wood under continuous flow The
isolation of the lignin samples was carried out following a
multi-step procedure comprising i) a continuous flow scH,O
treatment of Birch wood followed by ii) alkali extraction of the
obtained insoluble fraction (Figure 1). A severity factor was
calculated to facilitate the analysis of the results. The severity
factor is calculated via an equation that allows converting any
pair of reaction temperature and time into a reaction time at a
reference temperature.”” In this way, it can be assumed that all
the experiment were run at the same temperature and the
treatment severity is a function of the reaction time calculated.
Further details about this equation can be found in the previous
paper.”” The equation used for the calculations is:

t, = tT*e[ TR (2)

Where “t," is the time adjusted by severity equation; “t;" is
the actual reaction time; “E,” is the activation energy of the
main reaction (in this case was cellulose hydrolysis); “T" is the
actual reaction temperature; “T," is the reference temperature
(375°C); and “R” is the universal gas constant. The activation

scH,0 treatment

—

Birch wood Milling

Lignin
Fast cooling NaOH aq. (1 wi%)
extraction of solids
B8-0O-4up to
57/100 Ar
Slurry Centrifugation Solubles

energy for this calculation was 430 kJ/mol, as previously
determined experimentally."®

The scH,0 treatment was carried out at a 0.5 Kg/h of treated
biomass using a Supercritical water hydrolysis pilot plant (see
experimental for more details). Scaling up to a continuous flow
supercritical device offers several advantages. Firstly, the rapid
reaction rates achievable under supercritical conditions allow
for a reduction in reactor size requirements, enhancing
efficiency and lowering costs. Secondly, the use of a continuous
reactor, such as a Supercritical Extraction Reactor (SER), provides
precise control over reaction times. The ability to cool down the
reaction within less than 0.1 seconds prevents the formation of
undesired materials by inhibiting lignin polycondensation
reactions. This precise control not only improves the quality of
the extracted lignin but also enhances the overall efficiency of
the process. The main disadvantage of this process is the high
energy demand of supercritical water, which can be reduced
significantly by efficient energy integration.

Figure 2 shows the yields of products after scH,O hydrolysis
together with the alkali extracted lignin yield at the different
reaction severities. As expected, the ratio of solids liquefaction
is increased by increasing the reaction severity (time or temper-
ature, or both). The yield of solids follows the opposite trend as
it is correlated. The degree of liquefaction ranges between 24%
and 76 % under the tested reaction conditions. As expected, the

(mainly carbohydrates)

Figure 1. Overall procedure for the scH,O treatment and subsequent isolation of lignin.
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Figure 2. Products distribution at different severities. -e- Soluble fraction; -e- Insoluble fraction; -e- Lignin yield with respect to the insoluble fraction; -e- Lignin

yield with respect to the initial wood.
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lignin percentage in the insoluble fraction shows an increasing
trend with both higher severity and liquefaction. This is
consistent with the hydrolysis of the polysaccharide chains into
monomeric sugars at high severity.

Regardless the treatment conditions, the amount of lignin
recovered from biomass was around 15 wt% with respect to
the initial wood. This suggests that even at the highest tested
severity the scH,O treatment preferably targets the hydrolysis
of sugars. This is in line with our recent results on the ultrafast
hydrolysis of polysaccharides for the production of monomeric
sugars.’” We here also propose the term “lightning rod effect”
of sugars which will be further discussed in the following.

NMR Characterization of the Alkali Extracted
Lignins

2D HSQC Analysis

'H-"C heteronuclear single quantum coherence spectroscopy
(HSQCQ) analysis revealed the most important structural features
of the isolated lignins after the scH,O treatment. The lignin
samples were labelled S1-4 by increasing severity (Table S1).

For comparison, spectra of two samples obtained at the lowest
and highest severity (S1 and S4, respectively) are reported in
Figure 3.

The HSQC spectra of the analysed lignins show the presence
of typical hardwood lignin moieties. It is worth of note a very
high number of B-O-4 units detected in samples S1-3 in the
range 52.3-44.9/100 Ar. This result was further confirmed by
quantitative "*C analysis (B-O-4 moieties: 57-42/100 Ar), proving
a good correlation between 2D and C data as we recently
reported."?"® The amounts of B-O-4 bonds decreased by 44 %
from 523 to 29.5/100 Ar at severities of 0.28 and 1.66,
respectively, (Table 1, entry 4). Noteworthy, the low decrease in
B—O-aryl units with increased severity (44 %) is in contrast with
the results from other biorefinery processes, where they usually
decrease by 3-10 times.*” Similar results were found in our
recently reported work on the extraction of lignin from agro-
food waste, where a high number of f—O-aryl units was found
in the extracted lignins.'¥

The syringyl-to-guiacyl ratio (S/G) kept constant at 2.1 for
samples S1-3 and then dropped to 1.8 for S4. This is consistent
with a preferred branching and crosslinking for S-units at
increased severity as we recently found.">'¥ A slight decrease
from 7.7/100 Ar to 6.2/100 Ar in the benzyl ether moieties has

Table 1. Quantification of lignin moieties by 2D HSQC NMR analysis. The results are expressed per 100 Ar.
Entry Moiety Integration range 8./6y (ppm) Sample
S1 S2 S3 S4

1 S/G ratio 2.1 2.1 2.1 1.8
2 Ac 23.1-17.0/2.4-1.5 1.4 1.1 1.2 33
3 Cinnamyl alcohol 62.5-59.6/4.2-4.0 29 29 2.8 23
4 $-0-4/a-OH 73.7-69.7/5.3-4.6 523 48.8 449 29.5
5 Benzyl ether (BE) 83.7-77.9/4.9-4.3 7.7 7.5 7.2 6.2
6 Resinol 86.7-84.1/4.71-4.52 10.1 9.2 9.5 8.2
7 Phenylcoumaran 89.4-85.4/5.72-5.29 22 23 24 1.9
8 GlcU Esters 101.5-100.0/4.72-4.59 0.5 0.3 0.1 0.05
9 PhGly 104.7-99.5/5.23-4.80 0.2 0.2 0.2 0.2
10 Term carbs 94.5-90.0/5.1-4.8 0.9 0.6 0.3 0.1

98.6-95.4/5.3-5.0

99.1-94.7/4.5-4.15
1 Internal carbs 98.6-95.8/4.9-4.5 25.6 10.8 6.4 35

105.4-98.9/5.3-3.8

107.7-103.7/5.4-5.2
12 Total carbs™ 26.5 11.4 6.7 36
13 Carb. DP” 31 19 22 35
14 Conj S 107.8-104.5/7.5-6.9 154 16.0 15.6 13.8
15 Conj COOH 124.1-121.0/7.6-7.4 0.7 0.9 0.8 1.2
16 Vanillyn 126.8-124.4/7.5-7.3 0.6 0.6 0.5 1.0
17 Vinyl-Ar 133.4-126.0/7.4-6.8 52 5.0 5.2 7.8
18 Vinyl-Alk 135.5-123.0/6.5-5.8 1.1 11.8 133 18.8
19 Ar-CHO 196.8-185.4/10.1-9.3 33 2.7 24 1.9
20 Fur-CHO 204.2-199.5/9.8-9.5 0.2 0.2 0.2 0.2
@ Internal 4- terminal carbohydrates. " Average carbohydrates chain length calculated as the ratio between total and terminal carbohydrates.™
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Figure 3. 2D HSQC NMR spectra of lignin samples obtained at low severity (S1; a, ¢) and high severity (S4; b, d). Only the moieties used for quantification have

been highlighted.

been detected between S1 and S4, suggesting that at higher
severity water could hydrolyze such bonds (entry 5).

Vinyl-aryl (Vinyl-Ar) and vinyl-alkyl (Vinyl-Alk) chemical
bonds were found in large amounts (in the ranges 5.0-7.8/100
Ar and 11.1-18.8, respectively) in all the analyzed samples at 5./
8y-133.4-126.0/7.4-6.8 and 135.5-123.0/6.5-5.8, respectively
(entries 17-18)."? In contrast with our recent results,"*'¥ these
moieties increased with increased severity. Hence, we found a

ChemSusChem 2025, 18, €202401683 (6 of 13)

33% and 41% increase in the vinyl-aryl and vinyl-alkyl moieties
between S1 and S4, respectively. The formation of such bonds
could be promoted by the harsh conditions of the scH,O
treatment via dehydration of benzyl-type —OH groups
(Scheme 1).

The HSQC spectra show a significant presence of lignin
carbohydrate linkages, such as phenyl glycoside and y-ester
(Structure E and F in Figure 3) at 6./6, 99.4-103.7/4.8-5.1 and
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Scheme 1. Possible pathway for the formation of vinyl-aryl units. Here the case of f-O-4 bonds is considered. The acidity is given by the AcOH released via

the hydrolysis of acetyl groups in the hemicellulose fraction.'

60.8-62.9/4.2-4.4, respectively.'**¥ Benzyl ether (BE) lignin-
carbohydrate linkages could be present at 8./6,, 79.6-82.8/4.4-
4.9, but they cannot be unequivocally assigned due to the
possible overlap of other lignin-lignin benzyl ether signals in
the same region.”” The samples obtained at low severity (51-2)
showed the highest number of lignin carbohydrate complexes
(LCCs) in the range 11.4-26.5/100 Ar, while an increase of the
severity led to a lower number of LCCs. This could be related to
significant hydrolysis of polysaccharides bonds at high
severity,®” as discussed in the previous section. Intriguingly, the
average carbohydrates chain length (DP; entry 13), calculated as
the ratio between the total and terminal carbohydrates,™ is
quite high in all the analyzed samples in the range 19-35. The
average long chain of carbohydrates in LCCs may be an
interesting feature for certain applications such as the produc-
tion of lignin nanoparticles."

The number of B-5 and B-B structures was only slightly
affected during the scH,O treatment (entries 6-7). Clear peaks
at 8¢/8,_62.5-59.6/4.2-4.0 and 126.8-124.4/7.5-7.3 suggest the
presence of cinnamyl alcohol and vanillin moieties,
respectively.” In addition, aldehydes of Ar-CHO and Fur-CHO
types were detected as well (entries 19-20).

Quantitative *C NMR Analysis

3C NMR experiments provide reliable quantitative information
on different lignin moieties, even if in some cases overlap of
signals should be taken into consideration and carefully
evaluated case by case.**** B-0-4 bonds are the most abundant
linkages in lignin. Milled wood lignin (MWL) is considered to
reflect the structure of native lignin, at least at a certain
extent.”? Among arylglycerol-B-aryl structures, the most abun-
dant is the B-O-4/a-OH type (structure A; Figure 3) in addition
to other minor B-O-4/0-OR (R=alkyl or aryl) units.***

B3C experiments also provide reliable data on syringyl-to-
guaiacyl ratio (S/G), methoxy groups content, and on the
degree of condensation (DC) of lignin.** Table 2 summarizes
the results while the >C NMR spectra are reported in Figure 4.

The signal of C, in structure A at 5._61.4-58.5 (Figure 4 and
Figure 5) was used for the quantification of B-O-4 structures in
the C spectra,®™ as it showed minor overlap with other
moieties in the HSQC spectra (see ESI). C experiments
confirmed the presence of B-O-4 units in high amount for the
samples obtained at low severities (S1-3; Table 2, entry 14),
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showing good correlation with 2D results as we recently
found." A very high number (57.0/100 Ar) was found in ST -
obtained at the lowest severity — close to the value of 60/100 Ar
for Birch milled wood lignin (BMWL).®! Worth of note is that
such high number of B-O-4 moieties could be attributed to the
partial isolation of unreacted wood particles at low severity.
This is consistent with the incomplete solubility of S1 in the
conventional CDCly/pyridine mixture for *'P NMR analysis (vide
infra). Conversely, as expected, an increase of the severity led to
a more degraded lignin with a B-O-4 content of 29.1/100 Ar in
S4. The low degradation/hydrolysis of B-O-4 linkages during
scH,O treatment may be related to the very short residence
time in the reactor (t=0.3-0.7 s). This allows for the selective
hydrolysis of polysaccharides while preserving the lignin
structure thanks to a “lightening rod effect” of cellulose and
hemicellulose. In other words, the heat-to-mass transfer is
favored towards the major biomass components in terms of
mass %. Thus, since lignin constitutes only 22.5% of Birch
wood,"® the majority of energy is spent for the hydrolysis of
the carbohydrate fractions more than for the degradation/
hydrolysis of lignin interlinkage units. To support this theory,
our results are in agreement with our recently reported work on
the fast scH,O hydrolysis of polysaccharides using the same
reactor.”” In the latter work, high yields of C-6 and C-5 sugars
(61 and 71% w/w, respectively) were obtained at 0.11 s while
the formation of degradation products was limited. Such
degradation was low in the lignin fraction as well.

The critical role of carbohydrates to protect lignin from
degradation is further confirmed by the observed sharp drop of
B-O-4 content between S3 and S4 (42 and 29/100 Ar,
respectively). The degree of liquefaction topped at the highest
severity towards a complete fractionation of the carbohydrate
fractions from lignin (Figure 2). Consistently, at the same
highest severity the major component of the insoluble fraction
is lignin since it has been extracted in 63 wt % yield with respect
to the insoluble fraction (Figure 2 and Table S1). As previously
discussed, the main target for the reaction is the major mass
component. This implies that at the highest severity H,O
preferably targets lignin, being the major component of the
insoluble fraction. On the other hand, these considerations are
not valid for the lower tested severities where sugars are the
most abundant components of the solid fraction.

Low degree of condensation (DC; entry 13) in the range of
0.8 to 5% was found for all the samples. This is an additional
confirmation of the low degradation of lignin isolated during all
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Table 2. Quantification of lignin moieties by quantitative '*C NMR analysis. The results are expressed per 100 Ar.

Entry Moiety Integration range ¢ (ppm) Sample
S1 S2 S3 S4 BMWL®

1 CO non-conjugated 210-200 13 6 8 10 3
2 CO conjugated 200-191 15 10 10 9 9
3 Total CO® 28 16 18 19 12
4 —COOR non-conjugated 175-168 17 15 12 15 3
5 —COOR conjugated 168-166 25 35 26 3.1 1
6 Total —COOR™ 20 18 15 18 4
7 —OMe 58-54 141 145 141 123 164
8 S-unit 108.2-103 61 59 59 53 73
9 G-unit 113.6-108.2 28 28 29 32 24
10 S/G ratio9 22 2.1 2.0 16 2.0
" Ar—H 122.5-103 208 195 199 190 209
13 DC (%) 0.8 3.4 3.5 5.0 15
14 p-0-4 61.4-58.5 57 47 42 29 60
15 Oxygenated Aliphatic 90-58 441 222 202 121 260
16 Saturated Aliphatic 54.3-42.9 171 m 112 159 na.

35.5-0

B Sum of CO (conj+ non-conj). ® Sum of COOR (conj+ non-conj). “ Ratio between S- and G-units. ¥ Calculated according to Ref.!

lignin; taken from Ref..”™ n.a.=not available.

361 € Birch milled wood

experiments in this study. These results are pointing out that
the recondensation reactions in the aromatic ring were
minimized to a low extent.

The S/G ratio kept almost constant for S1-3 at 2.0-2.2, very
close to the literature value of 2.0 for BMWL, and then dropped
for S4 to 1.6 (entry 10). Consistently with the literature,'>'
higher severities have been associated with lower S/G ratio,
suggesting that syringyl units possess a higher reactivity
towards their cleavage compared to guaiacyl moieties at the
beginning of the process.

Though the amount of methoxy (—OMe) groups followed
the same trend as the S/G ratio, their amount was somewhat
lower (ca. 11%) when compared to BMWL (compare entries 7
and 10 in Table 2). The effect of the severity on the number of
—COOR (esters) was very subtle, and no clear trends could be
depicted from C results (entries 4-6). Similar conclusions could
be drawn for CO carbonyl groups (ketones and aldehydes)
except for S1 in which a higher value of 28 CO/100 Ar was
found. However, CO groups were higher in samples S1-4

compared to their number in BMWL, most likely due to
oxidation reactions occurring during the scH,O treatment.

3P NMR Analysis

Phenolic and aliphatic hydroxyls are key functional groups for
the use of lignin in high value applications.””*® For instance, a
high number of phenolic —OH groups is beneficial for an
improved performance of lignin as adhesive® and as an
antioxidant."*” To date, *'P NMR is among the best techniques
to evaluate their amount. Table 3 reports the results for samples
S2-4. However, S1 was only partially soluble both in the
conventional CDCly/pyridine solvent system and others (i.e.,
DMF and ionic liquid based)®" and, thus, it was not possible to
conduct the *'P NMR experiment for this sample (see also
experimental).

Aliphatic —OH groups decreased with increased severity
from 5.25 mmol/g to 3.37 mmol/g in S2 and S4, respectively.

Table 3. Quantification of -OH and —COOH groups in the lignin samples by *'P NMR.

Entry Sample Severity Functionality (mmol/g)
Aliphatic 5-subst. G-non conj H-type PhOH —COOH Total PhOH Total -OH
1 S2 0.71 5.25 0.91 041 0.09 0.39 1.41 6.66
2 S3 1.18 4.92 1.05 0.47 0.12 0.48 1.63 6.55
3 S4 1.66 337 1.51 0.63 0.17 0.73 2.31 5.68
4 BMWL® 5.67 0.67 0.51 0.28 1.18 6.85

@ Birch Milled Wood Lignin taken from Ref..””
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Consequently, the total amount of —OH groups followed a
similar deceasing trend from 6.66 mmol/g to 5.68 mmol/g in S2
and S4, respectively. This is consistent with a scH,0O-promoted
acid catalyzed dehydration of lignin occurring through aliphatic
—OH groups, as depicted in Scheme 1. In addition, a contribu-
tion to the number of aliphatic —OHs from carbohydrates
present in the samples obtained at low severities should be
considered as well.

During the course of the reaction, phenolic —OH increased
from 1.41 mmol/g to 2.31 mmol/g in S2 and S4, respectively,
consistently with the observed cleavage of B-O-4 bonds at
increased severity (Table 2, entry 14). The observed increasing
number of 5-substituted phenolic —OH at higher severity is
consistent with the slight increase in the DC (Table 2, entry 13).
Parallelly, the decrease of S/G ratio with increased severity well
correlates with the increase of G-types phenolics (compare
Table 2 and Table 3).

An increasing trend from 0.39 mmol/g to 0.73 mmol/g was
detected for —COOH groups in S2 and S4, respectively. Since
ester groups were almost constant with increased severity
(Table 2, entry 6), this suggests that during the scH,O treatment
oxidation of —OH and CO groups occurred. Noteworthy, the
occurrence of oxidation reactions was hypothesized based on
the *C NMR results as well (see previous section).

The amount and type of —OH groups in S2 correlates with
BMWL (compare entries 1 and 4). This is especially true for
aliphatic and total —OH groups, which differ for less than 8%
and 3% between S2 and the reference BMWL, respectively.
Nevertheless, higher phenolic —OH and —COOH (ca. 16% and
28%, respectively) were detected in S2 with respect to BMWL,
suggesting that the cleavage of certain types of aryl-O—R bonds
occurred during the scH,O treatment, even if at a low extent. As
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expected, the correlation became worse for the samples
obtained at higher severities (S3-4; compare entries 2-4). All
these results also suggest that the correlation between BMWL
and S1 (not soluble) may be even higher than the one of S2.

Thermal Properties and Molar Mass Distribution

The glass transition temperature, the molar mass (MM), and the
molar mass distribution (MMD) are important properties which
impact lignin performance in various applications.’*¢"

MM and MMD have been evaluated by size exclusion
chromatography (SEC) using sulfonated polystyrene standards
for calibration (see experimental). As SEC relies on the
separation of molecules based on their hydrodynamic
radius, > this suggests that the presence of carbohydrates
heavily influences the volume and morphology of the lignin
samples in solution. In other words, the MM and MMD of the
samples with the same (or similar) amount of carbohydrates
mainly depends on the molecular weight distribution of lignin,
while high carbohydrates content could bring to a misleading
estimation of the MMD for a certain sample.

This discussion is consistent with the results reported in
Table 4. Hence, the highest molecular weight was found in S1
characterized by the highest carbohydrates content (Table 4,
entry 1 and Table 1, entry 12). Then, when comparing samples
with similar carbohydrate contents (52-4, entries 2-4), a clear
dependence of the MMD on the severity was noticed. A
decrease in both M, and M,, was observed passing from S2 to
S4. This is in line with the cleavage (hydrolysis) of B-O-4 bonds
at increased severity with an almost constant DC as previously
discussed (Table 2).
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Table 4. Molar mass distribution of the lignin samples.
Entry Sample M, (g/mol) M,, (g/mol) D
1 S1 3219 14260 4.4
2 S2 2183 9817 4.5
3 S3 2155 7993 3.7
4 S4 1789 5727 3.2

Generally, high MMD has been associated to high T, and
vice versa.®® Both conventional DSC and modulated DSC
(mDSC) measurements were carried out on the lignin samples
providing two separate results for the glass transition temper-
atures (T, and T}, respectively). Prior to the evaluation of the
glass transition temperature of the samples, thermo-gravimetry
analysis was performed to evaluate their thermal stability
(Figure 6 and Table 5).

Noteworthy, the DSC curves of samples S3 and S4 did not
show a clear T,. This can be due to weak self-interactions (i.e,,
H-bonding) of the lignin units which hide the glass transition.
Similar difficulties in detecting the T, of lignin have been
previously reported in the literature.®” The highest glass
transition temperature (7,=133°C and T,/=139°C) was found
in S1. Consistently with its molar mass decrease, a lower T, was
noticed for S2 (T,=120°C and T,"=116°C), obtained at a higher
severity.

Overall, the CF scH,O treatment allowed to tune the
properties such as the molar mass and the glass transition

Table 5. Thermal degradation of the lignin samples.

Sample Tonset (°C) Tnax (°C) Tso (°C) Weight-% by the
end of measurement

S1 250 347 352 24.63

S2 185 270 308 18.22

S3 151 256 309 25.66

S4 112 245 230 2548

temperature of the isolated lignins by simply varying the
reaction severity. This avoids tedious modification procedures
which are generally requested to modify/tune the lignin
properties.’®5%”

Conclusions

We herein demonstrated that the continuous flow scH,O
treatment of Birch wood followed by alkali extraction of lignin
from the treated solids is a valuable process to isolate lignin
and lignin carbohydrate complexes (LCCs) with a high number
of B-O-4 moieties. Depending on the reaction severity, lignin/
LCCs with B-O-4 moieties in the range 29-57/100 Ar were
isolated in 13-19 wt % yield with respect to the initial wood. To
explain such high number of p-O-4 moieties a “lightning rod
effect” of polysaccharides has been claimed. Our results suggest
that for very short reaction times (0.3-0.7s) a preferential

100

— 51
—S2
—S3
—S4

100 200 300

400 500 600 700

Temperature (°C)

Figure 6. Thermograms of samples S1-4.

ChemSusChem 2025, 18, €202401683 (11 of 13)

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH

ASULOIT SUOWWO)) dANEaI) d[qeatjdde oyy Aq PauIoA0S aIe SAONIE YO SN JO SN 10§ AIRIGIT AUIUQ AJIAY UO (SUOIIPUOI-PUB-SULI}/ W0 A1 ATRIqIouT[uoy/:sdiy) SUONIPUO)) Pue SWId ] 9y S [$707/10/01] U0 A1eiqry surjuQ A[Ip ANSIAIUN ONEY Aq £8910HTOTISS9/2001°01/10p/wod Ad[im Areiqraurjuo-adoina-Ansiuaydy/:sdny woxy papeojumod ‘1 ‘ST Xp9SH981



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202401683

hydrolysis of polysaccharide chains occurs in place of lignin
degradation.

The comprehensive NMR characterization (HSQC, *C and
'P) provided further insights on the structure of the isolated
lignins. A low degree of condensation (DC) < 5% was found for
all the lignin samples. The structure and properties of the
samples obtained at low severity were close to Birch milled
wood lignin. The results obtained from different NMR experi-
ments well correlated each other, providing reliable support to
the discussed outcomes. To conclude, a dependence of the
glass transition temperature and the molar mass distribution on
the reaction severity was found. Higher severity led to lower T,
and a decreased molecular weight of the lignin samples. This
process represents a simply and green way to modify the
properties of lignin without the need for any chemical
modification.

Overall, in our vision, such an approach may be extended to
other biomass feedstocks, enabling for the isolation of non-
degraded lignins/LCCs with tunable structure and properties.
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