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ARTICLE INFO ABSTRACT

Keywords: The development of effective lignin depolymerization is essential for the extraction of aromatic building blocks
Condensation from renewable resources. In this study, technical lignins (Soda and Kraft) were depolymerized in supercritical
Depolymerization ethanol using Ru/C as a catalyst in an inert (N3) or a reducing (Hs) atmosphere. The effects of lignin structure
gr;;i erztroscopy and atmosphere were studied on the depolymerization, and the products formed such as solid residue, oligomeric
Ruthenium fragments and monomers. Reasonable yields of oligomers and monomers (32.7 wt% and 4.7 wt%, respectively)

were obtained after Ru/C-assisted Soda lignin depolymerization under both tested atmospheres, while in the case
of Kraft lignin, Hy and Ru/C were required to increase the yields of depolymerization products (30.9 wt% and
4.4 wt%, respectively). A comprehensive characterization of the reaction products (GC-MS, UV fluorescence and
FTIR spectroscopy, > P and 2D HSQC NMR) was performed to evaluate the monomer/oligomer distribution and
to determine the structure and functionalities of the oligomers. The analytical results indicate the formation of
more condensed oligomeric lignin structures with predominant 5-5' inter-unit linkages and the prevalence of
demethylation or demethoxylation reactions depending on the type of the technical lignin exposed to hydro-
deoxygenation. The oligomeric fragments are catalytically modified and depolymerized lignin with a wide range
of new applications (coatings, resins, antioxidant agents, adhesives) contributing to the replacement of the
petroleum-derived phenolic building-blocks.

Technical lignin

1. Introduction

One of the main goals in the last decade is to be able to replace fossil
fuel resources and produce greener and sustainable energy, fuels and
chemicals from renewable resources. Lignin is described as natural ar-
omatic resource for potential production of bio-derived fuels, various
chemicals or precursors for polymer synthesis [1-4]. Pulp and paper
industries are the main industrial source of lignin. Despites the abundant
number of research focusing on lignin conversion into high-value
products [2,5], currently, most of the lignin produced from pulp in-
dustries is burned to generate electricity and heat [6]. Indeed, lignin
production is estimated to be 50-70 million tons annually [7]. There-
fore, lignin is one of the most abundant renewable materials. Its valo-
rization is one of the most promising ways for the substitution of fossil
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resources to produce aromatic compounds. However, technical lignins
from pulp industries (mostly Soda and Kraft lignins) present condensed
structures making their valorization and depolymerization difficult [8].
In order to tackle this structural features, different methodologies have
been applied to convert lignin to high-value compounds [9-12].

In the native biomass, lignin consists of a three-dimensional aromatic
polymer composed of phenylpropenyl units, which are randomly con-
nected through carbon-carbon (C-C) and carbon-oxygen (C-O) (ether)
bonds [5,13]. The ether linkages abundance in native lignin is relatively
high (45-48 %) and the repartition between different linkages is func-
tion of the biomass type (softwood, hardwood, herbaceous) [14]. During
the pulping process of woody biomass, most of the ether linkages are
cleaved [15,16]. Indeed, the p-O-4 and «o-O-4 linkages are cleaved
leading to the formation of C-C linkages by condensation reactions
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whereas natural C-C linkages are mostly preserved [2,5]. According to
these structural modifications, lignin structure is dramatically changed
and technical lignins are described as highly condensed aromatic
structures where the low p-ether bonds need to be considered for lignin
valorization strategies [17,18].

In order to develop an effective technology that converts lignin to
fuel or marketable chemicals, one challenge is to depolymerize technical
lignins to phenolic monomers or oligomers (partly depolymerized
lignin). Reductive depolymerization with supported metal catalyst and
molecular hydrogen (Hy) is one of the approaches widely studied [19].
Noble metal catalysts (Pt, Pd and Ru) still attract interest due to their
high performance in reductive conditions for effective lignin hydro-
genolysis [19-22] and char formation suppression [23,24].
Liquid-phase mild hydroprocessing (<300 °C and <10 MPa Hj r. t)
enable the preservation of methoxy groups with a high selectivity to
alkyl-methoxyphenol products [2]. Alcohol solvents (methanol, ethanol,
iso-propanol, etc.) have been used because of their capacity to dissolve
lignin and its depolymerized products, their hydrogen-donor abilities,
high heat transfer and dispersion capacity [20,24]. Ethanol is preferred
as a solvent for lignin depolymerization as it improves the sustainability
and profitability of a second-generation biorefinery [25], and its use has
even been reported to result in higher monomer yields compared to
methanol or iso-propanol [26,27]. The role of ethanol is to stabilize
active intermediates and monomers, while serving as a radical scavenger
to suppress condensation reactions. However, the role of ethanol is
enhanced by the external hydrogen supply, which generates active
hydrogen atoms over the catalyst to avoid condensation [26]. On the
other hand, supercritical ethanol conditions were selected based on the
improved solvent properties, technical lignin solubility, temperature
activation of the solid catalyst and the lower activation barrier for bond
cleavage [28,29].

Ru/C accelerates the C-O bond cleavage in the p-O-4 moiety and
stabilize reactive radicals to avoid condensation to recalcitrant products
even at mild reaction conditions [30,31]. To the best of our knowledge,
the effect of the different lignin structure and catalysts (noble or tran-
sition metal catalysts on different supports) has been studied under mild
reaction conditions [32-34]. However, the effect of the atmosphere (Hy
or Ny) on lignin depolymerization products is still poorly understood
and notably under supercritical ethanol.

Technical lignins are limited by their low content of easily cleavable
bonds, which is due to the harsh isolation process. Nevertheless, there is
an opportunity to valorize technical lignin to produce valuable products,
not only lignin monomers, but also oligomeric lignin fragments, which
in combination with a tailored downstream process, have a tremendous
potential to replace the petroleum-derived phenolic building-blocks.
Oligomeric fragments are catalytically modified and depolymerized
lignin with a modified chemical structure. The modification is beneficial
for several valuable applications, e.g. high-performance adhesives, as
antioxidant agents with improved antioxidant capacity, nanomaterials,
films and coatings [35-39].

In this work, we investigate the influence of an inert (N3) and a
reductive (Hy) atmosphere on lignin depolymerization (LD) and product
distribution of two technical lignins (Soda and Kraft) under mild reac-
tion conditions (250 °C, 11.5 MPa) in supercritical ethanol. This work
has a special focus on the effect of Hy/N3 on products composition and
highlights the chemical structure of oligomeric fragments with nuclear
magnetic resonance (NMR) analysis. The lignins structure was charac-
terized by several analytical techniques (elemental analysis, gel
permeation chromatography, Fluorescence and FTIR spectroscopy, and
nuclear magnetic resonance) to compare and investigate the effect of
atmosphere on the structure of products after catalytic and non-catalytic
process. To the best of our knowledge, this study is the first one to
elucidate in detail the effect of Hy during technical lignins conversion in
supercritical ethanol with a special emphasis on the chemical structure
of oligomers (®'P and 2D HSQC NMR).
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2. Experimental section
2.1. Lignins and chemicals

Protobind 1000 lignin produced by soda pulping of wheat straw was
supplied by GreenValue® (Schwaig, Niirnberg, Germany). Kraft lignin
was produced from pinewood [33] by Centre Technique du Papier (CTP,
Grenoble, France). The lignins, catalyst, solvent, chemicals and gases
were used without further purification. The purity, suppliers and
reference numbers of chemicals are provided in Supporting Information.

2.2. Lignin depolymerization experiment

The experiments were performed in a 300 mL autoclave Parr In-
strument (Series 4890, Moline, IL, USA). The reactor was filled with 10 g
of lignin, 200 mL of pure ethanol and 100 pL of hexadecane as internal
standard to quantify monophenols by GC-MS. For catalytic test, 2.0 g of
solid Ru/C catalyst (5 wt% Ru loading) was added to reach 1 wt% Ru on
lignin. After sealing, the reactor was purged 3 times with nitrogen and
subsequently charged (1 MPa) with nitrogen or hydrogen when reduc-
tive atmosphere was applied. The autoclave was heated up to 250 °C
(~5Kmin~ 1) and hold at 250 °C (total pressure reached 11.5 MPa) for 4
h under continuous stirring at 1000 min~'. The time 0 h referred to the
time when the final temperature was reached. During the experiment,
samples (3 mL) were collected every 30 min through a sampling line
directly from the autoclave. Samples were filtered with 0.45 pm filters
before further analysis. After the 4 h at isothermal condition, the reactor
was cooled with compressed air flushing the outer surface of the reactor.
The autoclave content was washed with ethanol to final 300 mL volume
of ethanol solution with LD products. The entire mixture was filtered on
a glass filter (11 pm). The filtrated fraction was not soluble in ethanol
and after drying for 24 h at room temperature represented the “solid
residue” (SR). The mass of SR includes the mass of char formed during
LD. The mass of catalyst (if used) was excluded from the SR mass, so the
catalyst mass has no effect on the reported solid residue yield. The final
mass of SR was calculated by Eq. (1).

Solid residue (wi%) = (w) x 100 Eq. (1)

mlignin

where mgg)iq stands for the mass of SR generated during the LD, while
Myignin represents the dry mass of lignin.

An acidification of the ethanol soluble products was performed by
adding water and hydrochloric acid following the method proposed by
Huang et al. [40] and filtrated through two filters (11 pm and 1.2 pm).
The filter cake after acidic precipitation and vacuum drying at 40 °C was
represented as lignin oligomers and the mass was calculated by Eq. (2).

Oligomers (wt%) = <M> x 100 Eq. (2)

Miignin

where myligomer represents the mass in precipitated solid products after
acidification and myjgpi, is the lignin dry mass.
All the experiments performed are summarized in Table S1.

2.3. Elemental analysis

The oxygen weight percentages of the precipitated oligomers were
determined using an elemental analyzer ThermoFisher Flash EA111
(Thermo Fisher Scientific, Waltham, MA, USA) in pyrolysis mode (He-
lium, 1100 °C). Carbon, hydrogen, nitrogen and sulphur contents were
detected as gaseous products (carbon dioxide, water vapor, nitrogen,
sulphur dioxide) after combustion at 1000 °C by oxygen injection to
helium atmosphere. Elemental analysis was used for initial Soda and
Kraft lignin, as well for the oligomers obtained after each experiment.
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2.4. GPC analysis

Prominence HPLC system (Shimadzu, Kyoto, Japan) was used to
determine the molecular weight distribution of the LD products. The
precipitated oligomers and filtrated final liquid samples from the reac-
tion were diluted in tetrahydrofuran (THF, 25 v/v% of sample), the same
solvent of the mobile phase used for gel permeation chromatography
(GPC). The detailed protocol was explained in detail in previous pub-
lished work [33,41].

2.5. UV fluorescence: degree of depolymerization

UV fluorescence spectroscopy was applied to quantify soluble lignin
fragments. UV fluorescence procedure was described in detail in previ-
ous work [41]. Curve-deconvolution was performed for interpretation of
the UV spectra using Origin software (Originlab, Northampton, MA,
USA) following the methods reported by Bartolomei et al. [41] Based on
this previous work, depolymerization index (DI) can be calculated by Eq.
(3) and monomeric product index (MPI) by Eq. (4),

Asps + Aszso
_ Eq. (3)
Azos + A 350 + Asrs d
MPI = Asog Eq. (4)

Azos + Asso + Aszs

where A3z is the area of the deconvoluted peak at 306 nm, Azsg at 350
nm and Agsys at 375 nm. UV fluorescence analysis was carried out for the
final liquid samples after 4 h of LD.

2.6. FTIR analysis

Fourier-transform infrared (FTIR) spectroscopy was acquired using
FTIR ATR Bruker Alpha P spectrometer (Ettlingen, Germany). The
method was used for both technical lignins and oligomers where ATR
spectra were collected with 4 cm ! resolution and the results were
averaged of 64 scans with manual baseline correction and
normalization.

2.7. 2D HSQC and 'P NMR analysis

2D heteronuclear single quantum coherence (HSQC) NMR spectra of
lignins and oligomers were recorded on a Bruker AVANCE NEO 600
MHz spectrometer equipped with BBFO probe following the reported
protocol in previous published works [41,42]. Approximately 85 mg of
lignin or oligomeric sample was dissolved in 0.60 mL of DMSO-dg,
which was used as an internal reference point (5¢ 39.5; Sy 2.50 ppm).
HSQC spectra analysis, calculations and assignation of lignin
cross-signals were formulated following the published procedure [43].

Quantitative >'P NMR experiments were performed following the
protocol reported elsewhere [44,45]. Lignin and oligomer samples were
derivatized using 2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane
(TMDP) while the measurements were carried out in CDCls/pyridine
1:1.6 mixture with N-hydroxy-5-norbornene-2,3-dicarboxylic acid
imide (NHND) as an internal standard.

2.8. GC-MS: detection of monomeric components

The samples without additional dilution were analyzed by an Agilent
7890 gas chromatograph (GC) coupled with Agilent 5975C mass spec-
trometer (MS) and flame ionization detector (FID) placed in parallel to
the MS, equipped with an Agilent HP-5MS (5 % phenyl, 95 % methyl
siloxane) column (Santa Clara, CA, USA). The NIST database was
applied to identify more than 40 compounds by comparison of the mass
spectra with the library. The quantification was based on the internal
standard using the FID detector by following the de Saint Laumer’s

Biomass and Bioenergy 181 (2024) 107056
method which gives a prediction of the relative response factor [46,47].
3. Results
3.1. Lignin composition and characterization

As lignin structure and elemental composition is dependent on the
source of biomass and its pretreatment method, Soda and Kraft lignin
was characterized using elemental analysis, GPC and 2D NMR (Table 1
and Table S2). The elemental composition, molecular weight and the
content of the most common linkages (-O-4, -5, p-p) in technical lig-
nins are in accordance with published literature [48-50]. Intensive cross
signals corresponding to the guaiacyl (G) and syringyl (S) units were
observed at §c 108.5-122; &y 6.46-7.20 ppm and 5c 102-108; 5y
6.28-7.30 ppm, respectively, giving the S/G of 2.1 for Soda and 0.01 for
Kraft lignin. The content of p-O-4, p-5 and p-f bonds was determined to
be 3.5, 0.8 and 3.4 per 100C9 units for Soda lignin, and slightly higher
contents of 8.1, 2.0 and 5.3 per 100C9 units for Kraft lignin, respectively.
Moreover, the molecular weight for Soda and Kraft lignin was 4200 and
8600 g mol !, respectively.

3.2. Recovery product yields

The yields of the recovered products (solid residue, oligomers,
monomers) after different reaction conditions are shown in Fig. 1 for
Soda and Kraft lignin while the reproducibility of lignin depolymeriza-
tion is presented in Fig. S1. The unrecovered products may be non-
analyzed gaseous phase, unprecipitated oligomers and non-detected
monomers by GC-MS. In general, the gasses present in the gaseous
phase are CO,, CHy, H20 and HsS in the case of kraft lignin [51], while
some hydrocarbons could be produced by solvent gasification [13]. For
both lignins, experiments under inert atmosphere (N2) and without
catalyst showed the formation of high amount of SR, about 40.9 wt% for
Soda and 50.1 wt% for Kraft lignin which is consistent with previous
studies presenting close reaction conditions [19,24,40]. In non-catalytic
trials, the insoluble residue is a result of the char-forming reactions. The
char formation occurs by the condensation of the oligomers. Lignin
depolymerization products such as phenolic oligomers and monomers
were reported to be highly reactive [24,31]. Ether-bonds in lignin are
cleaved and lead to the formation of free reactive phenolic hydroxyl
groups [52] (through radical or charged species) and unsaturated side
chains which are further involved in condensation reactions [40,53]. By
adding the reductive atmosphere (Hj), the amount of SR was reduced
from 40.9 wt% to 36.7 wt% in the case of Soda lignin and from 50.1 wt%
to 40.7 wt% in the case of Kraft lignin. The presence of catalyst (Ru/C)
additionally impedes the char-forming reactions thus reducing the
amount of SR after the treatment for both Kraft and Soda lignin to 21.4
wt% and 12.3 wt% under Ho, and to 28.1 wt% and 16.3 wt% under N,
respectively.

A significant evolution is observed in the yields of recovered oligo-
mers. During the non-catalytic Kraft lignin depolymerization, the olig-
omer yield increases from 11.5 wt% (N2) to 17.4 wt% (Hy) whereas it
increases from 12.8 wt% (N3) to 16.9 wt% (Hy) for Soda lignin.
Consequently, Hp appears to act to stabilize lignin oligomeric fragments
during LD without a catalyst. Furthermore, Ru/C-catalyzed reactions
additionally increased the oligomers content under inert and reductive
atmosphere. As it is evident in Fig. 1, Soda lignin was more readily

Table 1
Average molecular weight, dispersity and the content of major structures in Soda
and Kraft lignin.

Lignin GPC 2D HSQC (per 100C9 units)

Mw (Da) Dispersity p-0-4 -5 B-p S/G
Soda 4200 1.50 3.5 0.8 3.4 2.1
Kraft 8600 1.84 8.1 2.0 5.3 0.01
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Fig. 1. Yields of the products at different reaction conditions.

converted into oligomeric fragments in Ru/C-catalyzed reactions under
Ny and Hy atmospheres with yields of 32.7 wt% and 41.6 wt%, respec-
tively. Kraft lignin catalytic depolymerization produced 19.9 wt% and
30.9 wt% of oligomers under N3 and Hj, correspondingly. Though, a
higher increase in the amount of oligomeric fragments was observed
with Kraft lignin compared to Soda lignin for catalytic depolymerization
under N5 and H,. Therefore, the effect of Hy is more beneficial to Kraft
lignin and a Ru/C catalyst is required to promote efficient lignin depo-
lymerization [33,54].

The amount of monomers was evaluated by GC-MS analysis. The
highest yields of monomers were achieved after the catalytic hydroge-
nation of both technical lignins which made 5.9 wt% and 4.4 wt% in
case of Soda lignin and Kraft lignin, respectively. Despite the different
treatment conditions applied, only a minor difference between the
monomer yields was observed implying that in both cases, lignin
macromolecule was more likely converted into the oligomeric fragments
rather than into the monomers. Analogous lignin behavior under the
reductive conditions has been reported by Long et al. [55]. On the other
hand, the monomer yield after depolymerization of technical lignin
compared to lignins structurally close to native lignin is not significant,
but the reported theoretical monomer yield for technical lignin (soda
and kraft) was less than 4 % when only the easily cleavable bonds are
considered [56]. From this we can conclude that we obtained monomer
yields that are close to the theoretical values for technical lignins.

3.3. Elemental analysis of oligomers

Elemental composition of lignin oligomers is presented in Van Kre-
velen diagrams describing atomic ratio between carbon, oxygen and
hydrogen for each reaction condition (Fig. 2). Detailed results con-
cerning weight percentages (C, H, O, N, S) and total atomic balances are
presented in Table S2.

The atomic ratios for Soda, Kraft lignins and oligomers are consistent

with the literature [40,48,49]. The ranges of H/C and O/C that are ex-
pected for lignin and lignin oligomers are approximately 0.8-1.3 and
0.2-0.5, respectively [57]. Generally, the decrease of the O/C atomic
ratio in oligomers is observed for each condition compared to lignin
whereas H/C ratio increases (Fig. 2). This can be explained by the
hydrogenolysis of C-O bonds, hydrogenation of functional groups and
unsaturated propyl chains during LD. The O/C decrease is more signif-
icant in experiments with Soda than with Kraft lignin due to the higher
O/Cratio in the starting Soda lignin and hydrodeoxygenation of syringyl
units and carboxylic acids. The change in elemental composition is
attributed to the Ru-catalyst activity and the external hydrogen source,
while ethanol served as H-donor for the hydrogenation under a nitrogen
atmosphere. Furthermore, the carbon content in oligomers could in-
crease compared to the initial lignin due to rearrangements and C-C
bond formation (condensation) within the depolymerized products —
oligomers.

3.4. GPC analysis of lignin oil and precipitated oligomers

GPC was used for filtrated lignin oil obtained after LD and for
precipitated oligomers. The Mw of lignin liquid samples after depoly-
merization was between 650 and 770 Da for all reaction conditions and
the results are presented in Table S3. The mass average molecular
weight (Mw) values are slightly higher for catalytic LD which is in line
with higher amount of precipitated oligomers contained in lignin oil.
This observation is in agreement with previous studies [20,23,24].
Although, the lignin oils could contain monomers, dimers, trimers, etc.,
the separation was not achieved since the used column and method
exhibit single peak with a unimodal distribution.

Furthermore, Mw of precipitated oligomers was around 1050 Da
(Table S3) for each reaction condition meaning that the molecular
weight of oligomers is considerably lower in comparison to initial
technical lignins (Table 1). Therefore, lignin macromolecule was

14 1.4
Soda lignin Kraft lignin
1.3 1.34
m H, cat ® H, cat
¢y 1:24 o 12
T = N, T
B O\ cat m N,_cat
1.1 H, - n 1.1 mH,
Lignin L ——
N2 Ligni
1.0 1.0

020 022 024 026 028 030 032 034
o/C

020 022 024 026 028 030 032 034
o/C

Fig. 2. Van Krevelen diagram of lignins and precipitated oligomers.
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depolymerized to smaller, however more condensed fragments were
formed under inert and reductive atmosphere.

3.5. UV fluorescence

UV synchronous fluorescence spectra have shown important
different peak maxima and intensities depending mainly on the type of
molecule [41]. According to LD products, three main peaks (Fig. S3) are
observed on the emission spectra. These peaks were assigned based on
the analysis of model compounds [41]. The emission peak at 306 nm is
assigned to monomers fluorescence, while oligomers emission peak is
established around 350 nm. The third peak at 375 nm is dedicated to
dissolved lignin or heavy aromatic condensed components soluble in
ethanol. This method has been used to compare the efficiency of all the
experiments and to evaluate the effect of the reaction conditions on the
extent of LD. The semi-quantitative indexes as DI and MPI were defined
to describe the relative distribution between depolymerized components
(oligomers and monomers) and relative distribution of detected mono-
mers, respectively. The index values are presented in Table S4.

The DI (oligomers and monomers) and MPI (monomers) increase
with the reaction time for both tested lignins though with different
trends (Fig. 3). Interestingly, the evolution of DI value is similar for
catalytic and non-catalytic reaction under inert and reductive atmo-
sphere for Soda lignin. An important increase of DI value is observed
between 2 h and 4 h of reaction time with the maximum at 0.76 for Soda
catalytic LD. Moreover, the high MPI is observed only for catalytic and
reductive condition with the maximum at 0.32 while other conditions
ineffectively promote formation of monomeric components (Fig. 3).
Differently to Soda lignin, DI barely increased during time and different
reaction conditions for Kraft lignin except for Hy_cat experiment where
DI increase up to 0.89 after 4 h of conversion. The DI and MPI are
relatively low under inert and non-catalytic reactions at the final reac-
tion time for the Kraft lignin. A high MPI for Kraft lignin was detected
only for catalytic and reductive LD (Hz_cat) with maximum at 0.29 and it
is comparable to Soda lignin under the same conditions (catalyst and
Hy).

S
©0
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3.6. NMR analysis

While FTIR analysis (Fig. S3) was used to distinguish characteristic
monolignols and linkages in lignin and its oligomers, a comprehensive
2D HSQC and quantitative 3!P NMR analysis were applied to provide
detailed structural information of initial technical lignins and precipi-
tated oligomers [58] of the best performing experiment (H,_cat), spe-
cifically to quantify changes within the G-, S-units and C-O, C-C linkages.
The results of 2D HSQC analysis are presented in Fig. 4 and the table
with 'H-'3C chemical shifts is added to Supporting Information
(Table S5). As expected, the structural features of Soda and Kraft lignin
depend on biomass source, which is mainly reflected in the S/G ratio.
The measured S/G/H ratio in Soda lignin is 67/31/2 which exhibits a
low contribution in p-hydroxyphenyl (H) units. The emergence of the
syringyl neighboring to OH at Cu (S) and syringyl neighboring carbonyl
group (S) in Soda lignin/oligomeric fragments is clearly shown by the
intensive cross signals at 5¢c 102-104; 5y 6.65-6.95 ppm and 5¢ 104-107;
Sy 6.25-6.75 ppm, respectively. Moreover, Soda and Kraft lignin appear
as three guaiacyl-based contours indicated with the cross signals at 6¢
108.5-111.5; 6y 6.78-7.14 ppm, 5¢c 112.5-114; 51 6.48-7.06 ppm and 6¢
115-118; 6y 6.65-6.96 ppm corresponding to the Go, Gs and condensed
guaiacyls, and Gg, respectively. In spectra of obtained oligomers, a
partial shift of the cross signal corresponding to Gy and Gg from &¢
108-111.5; 65 6.78-7.14 ppm to 5¢c 107-109; 5y 6.55-7.45 ppm and ¢
115-118; 6y 6.65-6.96 ppm to oc 117-122; oy 6.4-6.75 ppm, respec-
tively, reveals the formation of 5-5' interunit linkage as a result of
G-units condensation [59]. Indeed, an analogous shift of the G and Gg
cross-signal due to coupling within the G-units was confirmed with the
model compound 3,3-dimethoxy-1,1" dimethyl biphenyl and during kraft
pulping by Giummarella et al. [59]. Furthermore, Lancefield et al. [60]
synthesized and analyzed advanced lignin model polymers to confirm
and demonstrate the abundance of inter-unit linkages (e.g., p-O-4, p-5
and p-p) in lignin. Additionally, there is a clear tendency for condensed
structures within the S units to be preserved in Soda lignin oligomers.

The p-O-4 bond (A) cleavage was confirmed by disappearance of the
cross signal at 6¢c 71-74 and &y 4.7-5.0 ppm. On the other hand, the

Soda lignin =N, Kraftlignin =~ ™ N2 .
0.8 —s— N,_cat 0.8 1 —e—N,_cat %
+—H,
0.7 1 0.7 1 v—H,_cat

S
o
L

Dl index by UV fluorescence
o
(4]

o
)
|

X

Dl index by UV fluorescence
o
(3]

0.4 0.4
0.3 4 0.3
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Fig. 3. Relative distribution indexes (DI and MPI) for technical lignins depolymerization as function of reaction time.
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Fig. 4. Comparison of the 2D HSQC NMR spectra of Soda and Kraft lignin and its oligomeric fragments following catalytic reaction at 250 °C for 4 h with the Ru/C
catalyst (Hz). The amounts of the major linkages are calculated per 100C9 units [43].

scarcity of -5 (B) and B-p (C) substructures have been noticed in the
analyzed oligomeric fragments, indicating a remarkable reduction in
lignin complexity, rearrangements within its structure and decrease in
molecular weight.

The main findings revealed by 2D HSQC NMR are summarized in
Fig. 5. The highlight of LD is that the p-O-4 bond cleavage generated
more guaiacyl rich dimeric/oligomeric fragments which further formed
condensed oligomeric structures creating new 5-5' interunit linkages.
Crestini et al. [8] and Gierer et al. [61] similarly described a highly
condensed structures by direct radical coupling of aromatic rings. On the
other hand, 3'P NMR studies on softwood (kraft) lignin support the
proposed radical coupling within aromatic rings, as Granata et al. [62]
described a division of Cs-substituents into three regions: 5-5' sub-
structures (140-142 ppm), coupling within aromatic rings by oxygen

bridge (142-143 ppm) and B-5 substructures (143-144 ppm). Fig. S4
and Table S6 show a higher content of Cs-substituted hydroxyl groups
supporting the formation of condensed 5-substituted units through
either by 5-5’ or B-5 coupling, which is typically only for lignin with
guaiacyl units [44,63].

Quantitative 3'P NMR analysis was performed to assess the different
OH groups in lignin samples [44]. Thus the change of the phenolic and
aliphatic OH group content was determined at different reaction con-
ditions and summarized in Fig. 6. The phenolic OH group content rep-
resents a total amount of the Cs-substituted (including syringyl OH
groups for Soda lignin) guaiacyl and p-hydroxyphenyl OH groups
(Table S6).

The total OH group content was determined to be 4.6 mmol g ! and
5.7 mmol g ! in Soda and Kraft lignin, respectively. The 3'P NMR results
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for Soda (herbaceous) and Kraft (softwood) lignin are in accordance
with literature [8,17,64,65]. The aliphatic OH group content in Soda
oligomeric fragments significantly decreased and was determined to be
0.3 mmol g! and it becomes nearly unchanged for all oligomers at
different reaction conditions. Furthermore, decarboxylation reactions
importantly influenced total OH group content for Soda lignin with a
noteworthy decrease of COOH groups in oligomers caused by hydro-
deoxygenation, while minor effects of decarboxylation were observed
for Kraft lignin. This confirms the efficiency of the lignin hydro-
deoxygenation reactions and may explain the decrease in O/C ratio
observed from elemental analysis (Fig. 2). The change in aliphatic and
phenolic OH group content is observed for Kraft lignin and oligomeric
fragments at different reaction conditions. The more prominent increase
(compared to Soda lignin) in phenolic OH group content between the

oligomeric fragments could be related to the cleavage of ether linkages
[8]. In this study, these linkages are more pronounced in Kraft than Soda
lignin. Thus, in addition to the emergence of the new guaiacyl OH
groups after the cleavage of the p-ethers, overall phenolic OH group
content also increases due to the appearance of Cs-substituted OH
groups, as shown by the 3!P and 2D HSQC NMR spectra shown in Fig. 4
and Fig. S4, respectively.

Moreover, the increase of the phenolic OH group content in Kraft
oligomers could be additionally assigned to the demethylation of the
methoxy groups in G-units, which is also consistent with the reduced
integral ratio between methoxy groups (CH30) and total aromatics (Ar)
from 9.7 to 6.5 (Fig. 4). On the other hand, the phenolic OH group
content was in range from 2.4 to 2.6 mmol g~! with minor increase for
Soda oligomers. In the case of Soda lignin, a comparable decrease of the
CH30/Ar from 9.9 to 7.3 in combination with the relatively unchanged
phenolic OH group content (Fig. 6) points towards the prevalence of
demethoxylation reactions. Different Kraft (prevalence of demethyla-
tion) and Soda lignin (prevalence of demethoxylation) behavior under
the same treatment conditions most likely is a result of the lignin
structural differences, whereas the steric hindrance is one of the most
important features [66]. There are studies reporting on the selectivity of
the demeth (ox)ylation of the CH30 group depending on the structural
differences of the reactant, specifically the dominance of the demethy-
lation and demethoxylation reactions was observed during the hydro-
deoxygenation of guaiacol and 4-propylguaiacol, respectively [53,67].
Therefore, the structural differences such as the higher Mw of Kraft
lignin (8600 Da) and the higher degree of condensation within G units
could possibly determine the effects of the hydrodeoxygenation.
Accordingly, lower Mw of the Soda lignin (4200 Da) and lower degree of
the G unit condensation (S/G = 2.1) would possibly be a reason for the
predominance of the demethoxylation reactions.

3.7. GC-MS analysis

Samples taken from the reaction mixture were analyzed using GC-
MS. The yield of monomers was calculated using hexadecane as an in-
ternal standard [46]. The list of all quantified monomers and the yields
of the quantified (selected) monomers are displayed in Table S7 and
Fig. 7, respectively. Reproducibility of the experiments is presented in
Fig. S5. The highest total amount of monomers produced after the cat-
alytic Soda LD was 5.9 wt% and in case of Kraft lignin — 4.4 wt%.
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Though, the yield of selected monomers (structurally simple syringyl
and guaiacyl products) displayed in Fig. 7 is 2.7 wt% and 2.9 wt%,
respectively. The continuous increase of the monomer yields was
observed even during the non-catalytic depolymerization for both lig-
nins. However, as it is evident from Fig. 7, the significant increase in
monomers yields was obtained only for catalytic LD under reductive
atmosphere.

Fig. 7 shows the yields of the main aromatic monomers obtained
from Soda lignin. Here, guaiacol, methyl-, ethyl- and propylguaiacol
were derived from the G-units or were possibly formed by demethox-
ylation of the present S-units [68,69], while syringol and acetosyringone
were derived only from the S-units in Soda lignin. Acetosyringone is
formed independently of the conditions in an earlier step of the reaction,
and the yield is not significantly affected by the reactive conditions.
Syringol, guaiacol, ethylguaiacol, methylguaiacol, and propylguaicol
are mainly formed after 2 h of reaction time. The highest yields of ethyl-
and propylguaiacol were obtained at the end of the treatment. The most
effective Soda LD was achieved using catalyst under the hydrogen at-
mosphere. However, the highest yields of guaiacol and syringol were
obtained after the non-catalytic treatment at 0.3 wt% and 0.5 wt%,
respectively. The high yield of propylguaicol could be due to the stabi-
lization of the propyl side chains by the Ru/C catalyst during Soda lignin
depolymerization while ethylguaiacol and methylguaiacol are also
subsequently formed by catalytic cracking of the lignin macromolecule
[70].

The predominance of the G-units in the Kraft lignin structure
accordingly determines the emergence of the guaiacyl products shown
in Fig. 7. Hence, the highest yield of propylguaiacol up to 1.8 wt% was
achieved using catalyst under the hydrogen atmosphere, while lower,
but still noteworthy, yield of ethylguaiacol was up to 0.8 wt%. As it is
evident from Fig. 7, only minor changes in guaiacol and methylguaiacol
yields were detected within the 4-h reaction under the different condi-
tions for Kraft lignin.

4. Discussion

The simplified lignin depolymerization mechanism is proposed to
occur via cleavage of the p-O-4 bonds in technical lignins. Under su-
percritical conditions, quinone methide or aldehyde intermediates are
formed, which are either stabilized by an H-donor atom or facilitate the
formation of a solid residue. Upon successful cleavage of the p-O-4 bond
and stabilization of the reactive radicals, smaller lignin-like oligomers
are formed. Li et al. [71] reported that monomers are formed by the

lignin end-unit rather than inter-unit, which was also supported by a
kinetic study, suggesting that lignin monomers could be formed in
parallel by the cleavage of the $-O-4 bond in the lignin or oligomeric
fragment end-unit. On the other hand, the solid residue could be formed
by condensation of remaining dimeric or oligomeric fragments or by two
monomeric components with reactive OH groups and unsaturated
side-chain carbons. The possible coupling mechanism of solid residue
formation was in detail investigated by Huang et al. [40] and Rocnik
Kozmelj et al. [53].

Soda (herbaceous) and Kraft (softwood) lignin depolymerization was
evaluated using qualitative and (semi)quantitative analyses. The ana-
lyses were systematically used to upgrade lignin characterization with
detailed insights into lignin chemistry and its behavior under inert and
reductive atmosphere. The solid initial lignins and precipitated oligo-
mers were analyzed by elemental analysis, GPC, UV-fluorescence and
FTIR spectroscopy, and NMR (*H-'3C HSQC and 3'P). In particular, GPC
and NMR are comprehensive analytical techniques for the structural
features of lignin that have been widely used for the interpretation of
changes in lignin-like materials during the reaction process [8,17,43,
64]. GPC analysis provides the size changes of the polymeric lignin
macromolecule, while two different NMR methods allow detailed
analysis of lignin functionality and prospects for the hydrotreatment
process as the linkages in lignin are semi-quantified. Firstly, the
elemental analysis was used to obtain H/C and O/C ratios in lignins and
oligomers plotted in Van Krevelen diagrams (Fig. 2). The catalytic and
non-catalytic process changed lignin functional groups and Mw which
resulted in increased H/C ratio and decreased O/C ratio of oligomeric
fragments. Additionally, GPC analysis of bio-oils and precipitated olig-
omers clearly emphasized that both lignins undergo depolymerization to
form smaller fragments (oligomers) during liquefaction treatment, but
the molecular weight of oligomers (about 1000 Da) is not highly affected
by the catalysts nor the Hy. However, FTIR analysis of oligomers do not
reveal important changes compare to initial lignin. Therefore, 3'P NMR
and 2D HSQC analysis were employed to provide detailed structural
features of lignin and oligomer samples. The emphasis was on the con-
tent of C-O and C-C bonds, appearance of the (condensed) guaiacyls and
syringyls, and the change in the phenolic and aliphatic OH group con-
tent. Based on 2D HSQC NMR observations, precipitated oligomer
chemical structures are significantly different from starting lignin. For
both lignin catalytic reaction under reductive atmosphere improves the
total conversion of ether bonds and aromatic units condensation. 3'P
NMR showed, for both lignin, independently of reaction conditions, that
aliphatic OH group and carboxylic group content are significantly
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reduced compared to initial lignin. Concerning herbaceous Soda lignin,
the total amount of phenolic OH group does not change significantly for
all conditions whereas it notably changed for softwood Kraft lignin. It
appears that the higher ether bonds content in starting Kraft lignin is the
main explanation. The scission of ether bonds and 5-5' condensation
(Fig. 5) led to higher phenolic OH group content in Kraft oligomeric
fragments.

Herbaceous sourced (Soda) lignin formed high amount of heavy ar-
omatic components and fewer oligomeric fragments during non-
catalytic LD. Contrary catalytic LD produced less SR and more oligo-
mers. Thus, the Ru/C catalyst actively contributed to the stabilization of
reactive radicals, H-transfer reactions and shifting to the formation of
oligomers products in supercritical ethanol. UV fluorescence results
confirmed that the catalyst actively stabilized reactive radicals with
conversion to oligomeric and monomeric components under catalytic
conditions. Additionally, the contribution of the reductive atmosphere is
observable for more efficient conversion to monomers. Moreover,
further analysis on the monomeric components by GC-MS confirmed
that the presence of the Ru/C catalyst for Soda lignin is more important
than reductive atmosphere. Indeed, the presence of reductive atmo-
sphere slightly increases monomers yield from Soda lignin conversion
whereas the presence of Ru/C catalyst outstandingly changes the yields
and chemical composition of monomers. The catalytic conditions in-
crease the monomer yield and promote the formation of alkylphenols
(propylguaiacol and ethylguaiacol) potentially by the stabilization
(hydrogenation) of species obtained after ether bonds rupture.

Softwood Kraft lignin consists mainly of guaiacyl units with an
enhanced tendency to form solid recalcitrant products. It was also re-
ported by Yong et al. [72] that guaiacyl units are the main constituents
of solid residue. Similarly to herbaceous Soda lignin, the highest amount
of SR was formed by non-catalytic reaction conditions, however with a
noticeable difference in the amount of the hydrogenated oligomers with
inert or reductive atmosphere. UV fluorescence results confirmed that
the combination between catalyst and reductive atmosphere actively
stabilized reactive radicals with conversion to oligomeric and mono-
meric components. Indeed, the combination of Ru/C catalyst and
reductive significantly promote the formation of monomers (Fig. 7) for
softwood Kraft lignin. In fact, compared to Soda lignin, the higher ether
linkages content in Kraft lignin could explain this observation. The
cleavage of weak linkages, such as p-O-4, produce free radicals or
charged species which may form a new bond with another carbon atom
(e.g. C=QC) irreversibly leading to char-like structure [52]. Ru/C is
described as an efficient catalyst for the hydrogenolysis of ether linkages
especially with low hydrogen pressure [22]. The catalyst is described to
ensure a rapid catalytic hydrogenation of reactive fragments prone to
polymerization [73]. Consequently, in our study, due to the higher
amount of intermediates emerging from the higher ether bonds content
in Kraft lignin, the combination of external hydrogen source and active
Ru/C catalyst is required to promote the stabilization of oligomeric and
monomeric components while preventing repolymerization.

The results lead to the conclusion that a catalyst is absolutely
required for technical lignin depolymerization. Therefore, the reuse of
the catalyst is an important aspect that should be discussed and inves-
tigated in the future for potential pilot and/or industrial applications.
Reusing the catalyst will contribute to a more sustainable and cost-
efficient process, while reusability will provide valuable and useful
methods for lignin depolymerization in the long term. However, the
main challenge for reusability remains the separation of the catalyst
from the solid residue.

5. Conclusion

The effect of the atmosphere (Hy/N>) and the Ru-based catalyst was
studied for the technical lignins depolymerization in supercritical
ethanol in line with complementary analytical techniques to evaluate
the chemistry of the reactions. The structural features of Soda and Kraft
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lignins were found to be significant parameters in explaining the dis-
tribution and yields of monomers, oligomers and solid residue. Larger
amounts of solid residue and fewer oligomers were formed in the case of
the Kraft lignin, composed mainly of guaiacyl units compared to Soda
lignin containing both guaiacyl and syringyl units. Additionally, the
reported results disclosed that the efficiency of the softwood Kraft lignin
depolymerization strongly depends on the presence of the Ru/C catalyst
and external hydrogen supply.

We have also provided important chemical characterization of the
oligomers (3'P and 2D HSQC NMR) and proposed tentative chemical
structure showing the absence of the cleavable ether bonds, while pro-
posing the appearance of new 5-5' bonds within phenolic inter-units.
Additionally, the changes of aliphatic and aromatic OH group content
propose the formation of more condensed oligomeric structures with
reduced oxygen content and demeth (ox)ylation reactions, which are
believed to depend on the structural features of lignin. The yields of S-
and G-unit monomers are nicely correlated with the structure of the
initial lignin.
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