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alkaline aerobic lignin
depolymerization: effect of botanical origin and
industrial extraction process on reactivity
supported through characterization†

Antonio Hernández-Mañas,ab Alex Mart́ınez-Martin,a Johan Madignier,a

Pascal Fongarland,b Frédérique Bertaud,c Léa Vilcocq *b

and Laurent Djakovitch *a

Different lignins, differing in their botanical origin or the extraction method, were subjected to aerobic

catalytic depolymerisation in basic aqueous media using a copper-based catalyst (CuO/TiO2) towards

aromatic compounds. Lignins were obtained from different kinds of biomass, including hardwood,

softwood and wheat straw, and using different extraction methods such as kraft, soda or organosolv.

Extensive characterization (elemental analysis; 1H, 13C, 31P and HSQC NMR; FTIR-ATR; DLS and SEC)

revealed structural differences between lignin samples. For example, organosolv softwood lignin shows

a higher degree of b-O-4 linkages, while organosolv wheat straw lignin presents higher structural

degradation. These changes resulted in differences during the catalytic aerobic depolymerisation. The

structural properties were correlated with the reaction results. Thus, the average molecular weight is

directly related to the observed degree of conversion, and the b-O-4 content is correlated with the

yields of aromatic compounds obtained. It was also observed that the catalytic effect of the CuO/TiO2

catalyst is more pronounced when the non-catalytic reaction shows low yields of aromatics. Finally,

despite higher reactivity, hardwood lignin did not produce high yields of aromatic compounds due to the

rapid degradation of the products.
Sustainability spotlight

Actually, lignin is the only biopolymer that does not compete with edible resources and that can be upgraded to deliver biosourced aromatic compounds. Its
conversion is the center of numerous currently developing research toward efficient processes. This manuscript reports the catalytic aerobic depolymerisation
under mild conditions of different lignins varying by their botanical origin or extraction method. Focus was laid on the production of vanillin. We showed that
the structural differences and alterations arising from lignin extraction induced variations during the catalytic aerobic depolymerization. The structural
behaviors were correlated with lignin conversion and the yields of aromatic compounds. Data demonstrated that the copper catalyst used is stable under the
reaction conditions, suggesting reuse or implementation in a continuous process. These research studies align with the ethos of RSC Sustainability, providing
comprehensive routes for assessing and optimizing lignin conversion to chemicals as an alternative to petroleum, also emphasizing UN's Sustainable Devel-
opment Goals as “Responsible Consumption and Production” (SG12).
Introduction

Lignin is one of the most complex and heterogeneous compo-
nents of the lignocellulosic biomass and has been extensively
studied in order to elucidate its structure and chemical
composition to provide data prior to its chemical
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tion (ESI) available. See DOI:

930–2948
transformation. Lignin is the least abundant biopolymer in
biomass, compared to cellulose and hemicellulose, and its
abundance varies signicantly with the type of biomass. The
proportion of lignin increases from hardwood (i.e., acacia,
eucalyptus or maple) to sowood (i.e., pine, cedar or cypress),
passing through other types of biomass such as wheat straw or
bagasse. Typically, sowoods contain around 21–29% by weight
of lignin and hardwoods contain 18–25% by weight of lignin,
while herbaceous plants contain 15–24% by weight of lignin.1,2

It is an aromatic polymer made up of three different phe-
nylpropane units that differ by the number of methoxy groups
attached to the phenolic moiety. These units are abbreviated by
the letters H (p-Hydroxyphenyl), G (Guaiacyl), and S (Syringyl).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In lignin, these units are linked by different ether linkages, the
most abundant being b-O-4 and a-O-4, and also by several C–C
linkages, such as 5–5, b-5, and b-1. The proportion of these
phenylpropane units and linkages is mainly inuenced by the
type of wood used to obtain lignin from the lignocellulosic
biomass, with the extraction method also being the rst source
of modications affecting the proportion of linkages in the
extracted lignin. Thus, sowood lignin is composed exclusively
of G units, hardwood lignin contains G and S units, while
herbaceous lignin contains all three phenylpropane units.3 In
general, the b-O-4 linkage (C–O–C) is the most common,
accounting for 45–50% of the total number of linkages.4 In
addition to the structure, the botanical origin and extraction
method of lignin also inuence its molecular weight.

In this study, six lignins from different botanical origins and
extracted by different industrial processes were evaluated. The
latter included kra pulping under alkaline conditions
(aqueous NaOH and Na2S), one of the main pulping methods in
the paper industry, which induces several changes in the lignin
(polymer degradation, condensation reactions, reduction of the
b-O-4 occurrence and partial sulfonation).5 Two other processes
were also included: soda pulping, which is similar to kra
pulping without the use of Na2S and reduces the sulfur content
in the extracted lignin and organosolv pulping, which uses an
organic solvent (e.g., a carboxylic acid) in combination with
water andmineral acids to solubilize the lignin. In this case, the
lignin structure is strongly affected by b-O-4 cleavages, lignin
condensations or hydrolysis of ester groups.6

Lignin is produced in an amount of about 80 million tons
per year (of which about 55 Mt per year is produced as kra and
1Mt per year as lignosulfonate) by the different paper industries
worldwide,7,8 but most of it is burned for energy recovery, and
therefore several technologies are being studied to achieve
lignin depolymerization and subsequent valorization of low
molecular weight compounds. Kra lignin is therefore
a particularly interesting material given its production growth
of around 7% per year;9 however, the current production for
commercial purposes remains low at around 250 kt per year.10

Among all the lignin depolymerization methods that were
recently reviewed in detail,11–13 oxidation remains of particular
interest due to the low energy requirements and the large
number of valuable functional compounds produced, especially
phenolic compounds, carboxylic acids or benzoquinones,
which are of particular interest to the synthetic chemist and the
pharmaceutical industry. Since this is the focus of this paper,
our literature review will be limited to oxidative lignin upgra-
dation in aqueous media to produce functional aromatic
compounds such as aromatic aldehydes or ketones. Initially,
most of the studies were carried out using model compounds to
simulate the different monomers, dimers or oligomers present
in lignin. These allowed the study of some reactivity trends,
such as cleavage of interunit bonds, oxidative modication of
the propanyl side-chain oxidative modication, and the oxida-
tion of the aromatic ring and ring cleavage reactions. Both
homogeneous and heterogeneous catalysts have been included
in these studies. In general, in the eld of heterogeneous
© 2024 The Author(s). Published by the Royal Society of Chemistry
catalysis high selectivity in aldehydes has been observed by
using metal oxides and mixed metal oxides.14,15

In the eld of lignin oxidative depolymerisation, as for
model compounds, several catalyst-free and homogeneous
catalyst-based processes have been used, and are the subject of
several review articles.16–18 Next, numerous processes based on
the use of heterogeneous catalysts have been reported and have
been reviewed.19 Initially, perovskites20 and polyoxometalates21

were intensively evaluated, followed by metal supported cata-
lysts based, for example, on Co,22–24 Mn,25 Fe26 or noble metals
(i.e., Au,27 Pd28–30 or Pt31,32). As with homogeneous catalytic
systems, the studies were oen related to evaluation using
model compounds. When applied to lignin, procedures ob-
tained on model compounds could oen not be transferred to
real cases and yields of phenolic compounds remained low.
These observations are oen related to the fact that the model
compounds used could not properly represent the lignin poly-
meric material and that condensation reaction, which oen
occurs with lignin, does not operate on such low molecular
weight compounds. In this paper, we focus mainly on hetero-
geneous copper catalysts applied to the oxidative depolymer-
ization of lignin. The situation contrasts with other catalytic
materials, as it was found that copper catalysts have been
intensively studied and applied to various lignin materials. H.
Deng et al. showed that the use of a copper-doped perovskite
catalyst signicantly increased aldehyde production using
oxygen as the oxidant, yielding 5.3% of vanillin.33 Kumar et al.
evaluated the properties of Cu/g-Al2O3 on grass soda lignin
(Protobind™ 1000) and alkali lignin. For the latter, in water,
they achieved up to 4.9% yield of vanillin.34,35 A Cu–Mn mixed
oxide has been described for vanillin production by the alkaline
wet oxidation of a commercial kra lignin with H2O2. The
activity of the catalyst increased with increase of the copper
content; however, the authors observed that over-oxidation of
vanillin to vanillic acid and other compounds occurred under
the reaction conditions.36 Numerous studies on the catalytic
oxidative depolymerization of native and organosolv lignin
using Cu/TiO2 catalysts have been described by Kuznetsov
et al.37–42 In general, low yields of aromatic compounds were
observed despite varying the reaction conditions used (70–100 °
C, and 300 °C under supercritical conditions). The authors
showed that these low yields were not due to a lack of lignin
depolymerization but are rather due to over-oxidation of
aromatics. Ce–Cu/MFI nanosheet catalysts were applied to the
aerobic depolymerization of organosolv lignin in ethanol under
oxygen at 150 °C. Yields ranging from 10 to 58% of aromatics
were obtained;43 however, these include alkylated derivatives
due to the use of ethanol as the solvent, which has been re-
ported elsewhere.44,45 In addition to supported copper metal
catalysts, massive or supported CuO catalysts have also been
investigated. One of the rst reports concerned the use of an
over-stoichiometric amount of CuO as the oxidant. In this work,
Villar et al. reported that CuO used in a ratio of 160 wt% CuO/
lignin can induce lignin depolymerisation under an inert
atmosphere, giving 6 wt% yield of syringaldehyde and 1.3 wt%
yield of vanillin.46,47 Using a similar approach, Ninomiya et al.
reported the oxidative depolymerization of enzyme-pretreated
RSC Sustainability, 2024, 2, 2930–2948 | 2931
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eucalyptus lignin using a stoichiometric amount of CuO to give
up to 39% yield of aromatic aldehydes.48 Recently, Qu et al. re-
ported that CuO acts as a catalyst when used in the presence of
hydrogen peroxide under microwave irradiation. Initially
applied to the conversion of lignin b-O-4 dimeric model
compounds to guaiacol, vanillin and vanillic acid via a dihy-
droxylation,49 the authors extended the scope to sowood and
hardwood lignin with yields of ca. 4.4% of vanillin and about
11.4% of aldehydes (mainly syringaldehyde).50 Similarly,
Ouyang et al. reported the use of CuO/Fe2(SO4)3 combined with
hydrogen peroxide for the alkaline oxidative depolymerisation
of wheat alkali lignin in different solvents. The best results were
obtained in a mixture of MeOH/water, yielding 18% phenolic
compounds. The authors suggested that the use of methanol co-
solvent facilitates bond cleavage by improving lignin solubility
and prevents recondensation reactions as it disfavors side
demethoxylation.51 CuO NPs were found to be highly efficient
for depolymerizing lignin into aldehydes and ketones, yielding
up to 49% of aromatic aldehyde, when applied directly to
biomass by conducting lignin fractionation and simultaneous
depolymerisation in aqueous NaOH under oxygen at 160 °C.52 A
copper–vanadium supported catalyst on zirconia was found to
be efficient in alkaline water at 150 °C for the conversion of
LignoBoost kra lignin to aromatic monomers under oxygen
with a yield of up to 9% by weight.53 Similarly, a VO(Acac)2/
Cu(OAc)2 catalyst was investigated in the oxidative depolymer-
isation of industrial sowood kra lignin giving a bio-oil in
50% wt yield with a selectivity to aromatic monomers reaching
14%.54 Recently, we reported that CuO/TiO2 catalyst prepared by
incipient wet impregnation, was active in lignin oxidative
depolymerization in basic aqueous medium in air as an oxidant
at 150 °C, producing vanillin in up to 5.1% wt yield,55 work that
was extended then to kra black liquor.56,57

Mechanistically, it appears that catalytic aerobic lignin
depolymerization, irrespective of the catalysts, proceeds via the
formation of phenoxyl radicals that have evolved in reaction
Table 1 Different lignins employed in the study

Name of the lignin
employed, puritya Botanical origin Commercial name

KraSo 1, 93% Pine (sowood) —/FCBA (France)

KraSo 2, 96% Pine (sowood) —/Centre techniqu
papier (France)

KraSo 3, 93% Resinous mix (sowood) BIOPIVA™ 100/UP
Biochemicals, (Fin

KraHard, 96% KraHard (hardwood) Eucalyptus kra li
Fibria (Brazil)

OrganoSo, >94% Pine (sowood) —

OrganoHerb, 86% Wheat straw (herbaceous) BioLignin™/CIMV

SodaHerb, 92% Wheat straw (herbaceous) Protobind 1000/gr
value (US)

a Purity was determined from Klason and ash content determination foll
samples.

2932 | RSC Sustainability, 2024, 2, 2930–2948
pathways such as retro-aldol reactions.58,59 However, recent
work suggests that the pathways depend on the nature of the
initial radical oxidation sources.60 Recently, we have reported
that metal catalysts inuence the selectivity of the reaction
towards different families of aromatic compounds via different
reaction pathways.30

In our research, and encouraged by this literature review, we
are carrying out studies on aerobic oxidative lignin depoly-
merization under basic conditions. Various lignins, differing in
their botanical origin and the pulping process were included in
the study, aer full characterization. In addition to kra lignin,
soda lignin and organosolv lignin were also evaluated. Despite
its lower availability, olignin is of interest due to its currently
growing market, estimated at +5%/5 years.7 Following our
previous reports,55–57 a home-made CuO/TiO2 catalyst was used.
In addition to catalytic tests and post-test fractionation followed
by chemical analysis of fractions, some “structural behaviors” of
the lignin potentially affecting the catalytic process were
studied with the aim of maximizing vanillin production.
Materials and methods
Materials

The lignin studied in this work was extracted from different
plants using different pulping processes. Some are commer-
cially available and they were used without further purication
(Table 1).

All other chemicals are commercially available and were
purchased from Sigma-Aldrich or Alfa Aesar. All solvents were
used as supplied without further purication. TiO2 was kindly
provided by Evonik (Aerolyst 7711 extrudates 1 × 4 mm).
Catalyst synthesis

The CuO/TiO2 (Cu 5% wt) catalyst was prepared by incipient wet
impregnation using an aqueous solution of Cu(NO3)2$5H2O,
/provider Industrial plant Pulping process

Smurt Kappa, Facture
(France)

Kra, CO2 precipitation

e du Smurt Kappa, Facture
(France)

Kra, CO2 precipitation up
to pH 9

M
lande)

DOMTAR-plymouth
factory (US)

Kra, CO2 precipitation and
mineral acidication

gnin/ Jacarei factory (Brazil) Kra, no detail on lignin
extraction

Kindly supplied by
LRGP laboratory

Organosolv, (EtOH/water),
precipitation by water
addition

(France) Pomacle (France) Organosolv, (acetic or formic
acid/water)

een India Soda, no detail on lignin
extraction

owing Tappi T22om02 and Tappi UM250. Sodium content <0.1% in all

© 2024 The Author(s). Published by the Royal Society of Chemistry
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98% (6.9 g L−1) according to a previously reported procedure.55

In short, an aqueous copper nitrate solution was used to
impregnate TiO2 extrudates. Aer 4 h of impregnation, the
catalyst was dried overnight at 110 °C and calcined for 5 h at
550 °C (5 °C min−1) in air. Aer calcination, the catalyst pellets
were crushed and sieved. The 90–200 mm fraction was used in
all catalytic experiments.
Typical catalytic oxidation reaction

The reaction was carried out in a 300 mL batch reactor (Vinci
Technologies). 150 mL of an aqueous basic (NaOH, >98%, 10 g
L−1) solution of lignin (5 g L−1 on the dry basis, the mass
varies depending on the purity and moisture content) was
added to the reactor together with the catalyst if present
(5% wt Cu/lignin). Under these conditions, lignin is
completely soluble.

The reactor was rst ushed with N2, and then heated up to
150 °C under stirring (1000 rpm). Once the temperature was
reached, the reactor was pressurized with 20 bar of synthetic air
and the mechanical stirring was adjusted at 1800 rpm. The
completion of these operations denes the start time of the
reaction. A control valve was used throughout the reaction time
to keep the pressure constant.

At the end of the reaction, the reactor was cooled to 15 °C
using an ice bath and depressurized.
Fractionation of products

At the end of the reaction, the reaction mixture was ltered to
recover the solid catalyst. Various post-reaction treatments were
then carried out to separate the different reaction products
(unreacted lignin, aromatic and aliphatic products) in order to
develop qualitative and quantitative analyses. The fractionation
protocol has been described in detail in a previous report
(Fig. 1).55

Briey, 100 mL of the reaction mixture was ltered to remove
the solid catalyst. It was then acidied by adding a dilute
solution of hydrochloric acid (10% wt/wt HCl) to pH 1 (∼15 mL)
to cause the precipitation of the non-depolymerized lignin. The
precipitate was separated by centrifugation at 4000 rpm for
20 min, washed with dilute hydrochloric acid and then with
water. It was dried at 60 °C for 9 hours under vacuum (5 × 10−2

mmHg). The solid obtained was called Klason phase.
Fig. 1 Oxidation test and fractionation protocol.55

© 2024 The Author(s). Published by the Royal Society of Chemistry
The supernatant liquid was extracted with dichloromethane
(200 mL). The dichloromethane fraction was concentrated in
a rotavapor and dried under vacuum (5 × 10−2 mmHg) at room
temperature for 30 minutes. The residue obtained was called
the organic phase, which consisted mainly of non-polar
compounds (phenolic compounds and oligomers).

The remaining aqueous fraction was concentrated in the
rotavapor and then dried at 60 °C under vacuum (5 × 10−2

mmHg) for 1 hour. The residue obtained contained the polar
compounds (aliphatic acids), and NaCl formed during the
acidication. It was taken up with THF and then ltered
through a 0.4 mm lter. The THF fraction was then concen-
trated in the rotavapor and dried under vacuum (5 × 10−2

mmHg) at 60 °C for 1 hour giving a residue called the aqueous
phase.
Characterization techniques

Elemental analysis (CHONS). C, H, N and S contents were
determined using a Vario Micro Cube Elementar system aer
total combustion and quantication of CO2, H2O, N2 and SO2

using a thermal conductivity detector. Oxygen was calculated by
the difference from the analytical results obtained for the other
elements.

Thermogravimetric analysis (TGA). A METTLER TOLEDO
TGA/DSC STAR System was used to study the thermal behavior
of lignin and Klason phase (5 °C min−1, from 25 to 1000 °C, air
as the carrier gas). Moisture content was determined from the
weight loss at 100–115 °C and the ash content from the weight
remaining at 1000 °C.

Fourier transform infrared spectroscopy (FT-IR). FT-IR
analyses were performed in the absorption mode using a Nico-
let IS5 equipped with an ID7-ATR accessory with diamond
crystal from Thermo Scientic. The sample was placed directly
over the diamond and the IR signal was recorded with a reso-
lution of 4 cm−1, 32 scans and a spectral range of 4000 cm−1 to
525 cm−1. The spectra obtained with this method were quali-
tatively analyzed to characterize different structures from the
lignin.

Nuclear magnetic resonance (1H, 13C, 31P, HSQC NMR).
NMR spectra were acquired on a Bruker AVANCE III 400 MHz
equipped with a BBFO probe (Z gradient). All acquisitions were
performed at 50 °C. Samples (50 mg) were dissolved as
RSC Sustainability, 2024, 2, 2930–2948 | 2933
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Table 2 Elemental analysis of the different lignins

% wt C H O N S

KraSo 1 61.0 5.9 28.1 0.2 2.2
KraSo 2 71.0 5.6 21.3 <0.1 2.0
KraSo 3 65.5 5.6 21.1 <0.1 2.1
KraHard 63.6 5.3 26.4 0.1 2.4
OrganoSo 66.1 6.1 27.7 0.2 —
OrganoHerb 61.6 5.6 28.0 2.2 0.2
SodaHerb 64.6 5.3 25.5 0.5 0.7
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indicated below. For 1H-NMR and HSQC-NMR analyses, the
sample was dissolved in (CD3)2SO. For the

13C-NMR quantita-
tive analysis, tetramethylthiourea was used as the standard, and
(CD3)2SO as the solvent. 31P-NMR analysis was performed aer
phosphitylation using 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane, 95% as the reagent, cyclohexanol (as a cali-
brated solution in pyridine/DMF (1/1)) was used as the stan-
dard, and CDCl3 as the solvent. The chemical shis were
measured relative to the deuterated solvents. For 1H-NMR the
residual protic solvent ((CD3)2SO: d = 2.50 ppm) was used. For
13C-NMR, the signal of the deuterated solvent was used
((CD3)2SO: d = 39.50 ppm).

Size exclusion chromatography (SEC). These analyses
allowed the determination of the molecular weight of lignin and
Klason phase. All the samples were analyzed following the same
pre-treatments as for TGA analysis. SEC analysis was performed
on a Malvern OmniSEC instrument equipped with 3 PLGel
mixed C columns from Agilent Technologies. THF was used as
a solvent. Online detection was performed using a differential
refractive index detector (RID), a viscometer and a UV detector.

A calibration curve, obtained with polystyrene standards
(Polymer Standards Service, Mainz, Germany) in the range of
500 to 4.2 × 106 g mol−1, was used to calculate the molecular
weight distribution of the samples. The molecular weight was
determined from the RID chromatogram and the PS calibration
curve. Data were acquired and processed using OmniSEC 5.12
soware. The lignins were dissolved in THF prior to analysis.

Dynamic light scattering (DLS). These analyses were per-
formed in a Malvern Nano-ZS. The samples were diluted in an
aqueous 10% wt NaOH solution (pH 12.7).

Gas chromatography with a ame ionization detector (GC-
FID). GC analyses were performed on a Shimadzu GC-2010
chromatograph equipped with an FID detector, an AOC-20i+
autosampler and a Phenomenex Zebron ZB-5HT column (cross-
linked from 5% phenyl – 95% dimethylpolysiloxane, 30 m ×

0.25 mm × 0.25 mm). The column temperature program was:
2 min at 60 °C, 30 °C min−1 to 150 °C, 2 °C min−1 to 200 °C, 10 °
C min−1 to 260 °C, and 2 min at 260 °C. The total run time was
approximately 38 min. The FID was operated at 300 °C with
hydrogen and air ows of 40.0 mL min−1 and 400.0 mL min−1,
respectively. Data acquisition and processing was handled by
a LabSystem chromatography data system.

Gas chromatography-mass spectrometry (GC-MS). Mass
spectra were obtained on a Shimadzu GC-MS-QP2010S equip-
ped with an AOC-20i+ autosampler and a Supelco SLB-5MS
column (5% phenyl – 95% dimethylpolysiloxane, 30 m ×

0.25 mm × 0.25 mm). The GC conditions applied were those
used for the GC-FID.
Table 3 Thermogravimetric analysis of the different lignins

% wt Water Ash

KraSo 1 (ref. 55) 4.5 2.6
KraSo 2 3.9 2.0
KraSo 3 19.0 0.9
KraHard 3.9 1.8
OrganoSo 2.5 0.4
OrganoHerb 5.8 1.6
SodaHerb 4.3 2.1
Results
Characterization of lignins

The lignins studied in this work were characterized using
different complementary analytical techniques. The aim was to
evaluate the inuence of lignin structure and composition on
the performance of their conversion into aromatic compounds
2934 | RSC Sustainability, 2024, 2, 2930–2948
produced upon catalytic aerobic depolymerization in alkaline
media.

Elemental analysis (Table 2) showed similar results for the
different lignins, except for the Kraso 2 which had a slightly
higher carbon content than the others. The elemental compo-
sitions are close to those corresponding to the phenylpropane
units (ca. C: 67.16%; H: 6.71%; O: 26.13%), which are known to
form the main fraction of lignin, although some lignins have
different proportions of other phenolic compounds, such as
hydroxycinnamates or p-hydroxybenzoate3 and different
proportions of condensate units.61

Kra lignin (KraSo 1, KraSo 2, KraSo 3 and Kraf-
tHard) has a low sulfur content not observed in other lignins,
which is due to Na2S used in the process to increase the
delignication efficiency.5

The TGA analysis (Fig. S1†) showed that the lignins burned
before 500 °C with similar behaviors as a function of the
temperature. The two exceptions were observed with the Kra-
So 3 lignin due to the higher moisture content, and the
OrganoHerb lignin, which seems to burn at a lower tempera-
ture, around 440 °C which could be probably related to the
higher residual saccharide content (i.e., 4.8% versus < 2% for the
other lignins).

TGA also provides moisture and ash contents for each lignin
(Table 3). The moisture contents were similar in all cases,
around 5% wt, with the exception of KraSo 3, which has
a signicantly higher content of 19% w/w. Moisture was
measured frequently for each lignin and showed constant
values over time.

FTIR-ATR was used to qualitatively analyze the structure of
the different lignins (Fig. 2, S2 and Table S1†). The bands at
1420, 1504, and 1588 cm−1 are assigned to vibrations related to
the aromatic backbone. The band at 1504 cm−1 is generally
considered to be a “pure” band characteristic of the aromatic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Extension (1800–750 cm−1) of FTIR-ATR spectra of the
different lignins: KraftSoft 1 (red), KraftSoft 2 (blue), KraftSoft 3 (green),
KraftHard (orange), OrganoSoft (pink), OrganoHerb (brown) and
SodaHerb (violet).
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moieties in the biopolymer. According to the literature, for
sowood lignin (i.e., Kraso 1, Kraso 2, Kraso 3 and
Organoso) it is higher in intensity than the band at 1452 cm−1,
which is not the case for the other lignins. Besides this differ-
ence related to the botanical origin,62 sowood lignins show the
bands at 1264, 1206, and 1028 cm−1 (resp. C]O stretching; C–C
and C–O stretching; aromatic C–H deformation) characteristic
of guaiacyl units, while others show additional bands at 1329
and 1120 cm−1 (resp. aromatic C–H deformation S-band; C]O
stretching) corresponding to syringyl units. Bands character-
istic of p-hydroxyl units, generally at ca. 1155 cm−1, are not
clearly observed. Bands at 1694 cm−1 correspond to unconju-
gated carbonyl groups and those at 1452 are assigned to C–H
stretching in CH2 and CH3 alkyl moieties. Bands at 852 and
814 cm−1 (G units) and 834 cm−1 (S units) are assigned to
aromatic C–H out-of-plane deformations. Finally, all of them
present bands corresponding to the different aliphatic C–H
bonds at 2934 and 2840 cm−1 and the band at 3360 cm−1 is
assigned to OH phenolic stretching.

Remarkably, similar spectra are also observed for the orga-
nosolv pine lignin (OrganoSo) and the kra pine lignin
(Kraso 1 or 2), showing that the pulping method did not
induce remarkable structural changes in the polymeric lignin
structure. However, we cannot exclude that both pulping
methods resulted in similar structural changes in the extracted
lignin or that these differences cannot be observed by FTIR-ATR
analysis.

KraHard and SodaHerb, which have very similar FTIR
spectra despite their different botanical origins (hardwood and
wheat straw), show the presence of syringyl units (i.e., 1329 and
1120 cm−1). OrganoHerb, although it is also a wheat straw
© 2024 The Author(s). Published by the Royal Society of Chemistry
lignin, presents a very different FTIR spectra related to the
modication carried out by the organosolv pulping method
used,63 particularly due to the incorporation of alkyl moieties as
esters (i.e., 1694, 1028 cm−1).64 These results are consistent with
those obtained from the TGA analyses and show a signicant
degree of modication in OrganoHerb. Thus, the TGA data
show that OrganoHerb could be fully oxidized under soer
conditions, which could be related either to an originally highly
oxidized structure, which is discarded in elemental analyses, or
to a lower molecular weight. In fact, a lower molecular weight
would not be expected from a lignin produced by an organosolv
process, since it is generally carried out at lower temperatures
and in the absence of or strong nucleophilic agents, which
strongly limit modications in the lignin structure.65 However,
both TGA and FTIR results support chemical modications
produced during organosolv pulping. The various aromatic
bands are of lower intensity than in the case of SodaHerb. On
the other hand, the bands at 1694 and 1650 cm−1 are slightly
higher, which is associated with a higher presence of esters
(and/or carboxylic acids) and benzoquinones. Such modica-
tions are not directly related to the organosolv method, since
OrganoSo did not show the same behavior, but rather to the
conditions used by the supplier.

Semi-quantitative 1H and quantitative 13C NMR analyses
(Tables S2, S3, Fig. S3 and S4†) were performed to obtain
information on the composition of lignin in terms of aliphatic
and aromatic content.

1H NMR analyses showed that most of the protons are
present in the aliphatic structures (incl. oxygenated aliphatic
moieties) (dppm: 0.5–5.8 ppm; 42.8–48.5%), the rest being
mainly associated with aromatic and phenolic protons (dppm:
6.1–9.2 ppm; 6.8–14.3%). Low levels of protons corresponding
to aldehydes and carboxylic acids were observed. Of note is the
higher content of aliphatic protons in SodaHerb, OrganoHerb,
and Organoso lignin, especially in OrganoHerb lignin, which
indicates condensation reactions with organic solvents during
biomass fractionation. Consequently, the aromatic proton
content is signicantly lower, which is consistent with FTIR-
ATR analyses. According to previous report,31,32 all protons are
observed and quantied by 1H NMR and the data correlate with
those obtained from elemental analyses.

13C NMR (Table S3†) allowed the identication of between
76% and 29% of the carbon content when compared to
elemental analyses. This fraction is particularly low for wheat
straw lignin. The difference in the identied carbon content of
KraSo 1 and KraSo 2 lignin, although they are similar
materials, is noteworthy. In addition, KraSo 2 has a higher
aromatic and lower aliphatic carbon content. These differences
could be related to the extraction conditions used by the
supplier to produce the pulp, or to variations in the wood used.

In terms of quantication, most of the carbons are aromatics
(dppm: 102–162 ppm), with a percentage of 60 to 72%. The
remainder is mainly linked to aliphatic carbons (dppm: 10–90
ppm). OrganoHerb is an exception among the lignins studied,
since it has a lower proportion of aromatic carbon (18.5 mmol C
glignin

−1), compared to the other lignins (30.5–42.7 mmol C
RSC Sustainability, 2024, 2, 2930–2948 | 2935
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glignin
−1), which is in agreement with the previous analyses (1H

NMR and FTIR).
Quantitative 31P NMR analyses were carried out aer phos-

phorylation of the free hydroxyl groups, allowing the analysis of
the different structural groups present in the studied lignin,
especially the condensate units (Table S4 and Fig. S5†).

The data showed that 37–52% of the oxygen present in lignin
could be quantied by 31P NMR as free hydroxyl groups, the rest
being bound either to ether bonds or carbonyl moieties (i.e.,
C]O in COR, CO–OH). OrganoHerb showed the lowest free
hydroxyl content by this method, which is consistent with FTIR
analyses showing the incorporation of alkyl moieties, probably
as ethers or esters, due to the use of a mixture of acetic and
formic acid during the extraction process.

In terms of quantication, as expected, the amount of
hydroxyls attached to the guaiacyl unit, is higher in KraSo
lignin (1.77 to 2.07 mmol O glignin

−1) than in other lignins (0.74–
0.93 mmol O glignin

−1), in agreement with observations made in
FTIR-ATR analyses. It is also noteworthy that the proportion of
hydroxyls in guaiacyl units is similar in hardwood and herba-
ceous lignin (KraHard, SodaHerb and OrganoHerb; resp. 0.89;
0.93 and 0.74 mmol O glignin

−1, resp.).
Determination of the proportion of hydroxyls present in

syringyl or condensate units is complicated by the overlap of the
corresponding regions in this analysis (140.2–144.3 ppm).
Therefore, the sum of both contributions was analysed. It is
higher in KraHard (3.44 mmol O glignin

−1) than in all KraSo
(1.80–2.10 mmol O glignin

−1) lignin according to the generally
accepted lignin structures in both woods. The proportion of free
hydroxyl linked to syringyl units is lower in the case of the wheat
straw OrganoHerb (1.29 mmol O glignin

−1) and SodaHerb
(2.38mmol O glignin

−1) lignin. These observations are consistent
with the lower proportion of phenolic protons observed in the
1H NMR. However, in the FTIR analyses the conclusion is a little
different as it showed that KraHard and SodaHerb lignin have
similar syringyl proportions, which could mean that KraHard
has an important fraction of condensed units. Similarly,
KraSo 1, KraSo 2, and KraSo 3, with a free hydroxyl
amount of 1.80–2.10 mmol O glignin

−1 in this spectral region,
showed an important amount of condensed unit associated
with the kra extraction process. OrganoSo lignin shows
a lower value of free hydroxyls associated with condensed units
than that observed for the Kraso 1 lignin despite the use of
the same wood chips for lignin extraction, which may be related
to a lower degree of degradation during the organosolv pulping
process reducing the formation of condensate units. Alterna-
tively, the formation of esters during the process, masking some
of the OH groups initially present, could not be excluded.

Finally, all lignins were further characterized by recording
HSQC NMR spectra that help to evaluate the different structures
and inter-unit bonds present in lignin (Fig. S6 and S7†).66 This
information is important, as the proportion of the b-O-4 bonds
in the lignin matrix is strongly related to the yields of aromatics
that could be obtained by its oxidative depolymerisation.67

The HSQC NMR spectra are generally decomposed in three
regions: the aliphatic region (dH/dC: 0.5–5.0/5–50 ppm), the
oxygenated aliphatic region (dH/dC: 2.5–6/50–105 ppm) and the
2936 | RSC Sustainability, 2024, 2, 2930–2948
aromatic region (dH/dC: 4.9–8.0/90–160 ppm). Only the last two
regions are informative and will be analyzed. The different
spectra of lignin are provided in the ESI (Fig. S6–S9),† and two
examples are shown in Fig. 3.

The oxygenated aliphatic region (Fig. S8†) of all lignins
shows several similarities. Those of the kra pine lignin,
namely KraSo 1, KraSo 2 and KraSo 3 are very similar
due to the botanical origin of the woods used for their
production. The same conclusion applies to Organoso lignin,
which is produced from the same wood chips as Kraso 1.
KraHard and SodaHerb show few differences related to the
presence of syringyl moieties.

More specically, all isolated lignins show the presence of
carbohydrates (several correlations, depending on the lignin, in
general, dH/dC: 3.09–3.81/63.7–79.4 ppm). The presence of
carbohydrates may limit the valorization due to a higher stabi-
lization of C–C bonds with carbohydrates in basic media.68 Next,
all lignins show correlations corresponding to methoxy moie-
ties (ca. dH/dC: 3.74/56.9 ppm) and the correlation correspond-
ing to the inter-unit bonds, namely b-O-4 (A) (ca. dH/dC: Aa: 4.76/
72.1 ppm; Ab (G): 4.76/81.8 ppm; Ab (G/H): 4.28/84.8 ppm; and
Ab (S): 4.13/86.6 ppm for SodaHerb and KraHard lignin; Ag:
3.44/60.4 ppm; A

0
g: 4.14/67.6 ppm; A

00
g: 3.70/63.58 ppm), b–b (B)

(ca. dH/dC: Ba: 4.64/85.6 ppm; Bb: 3.02/54.4 ppm; Bg: 3.78, 4.16/
71.6 ppm) in resorcinol moieties and b-5 (C) (ca. dH/dC: Ca: 5.49/
87.8 ppm; Cb: 3.45/53.8 ppm) in phenylcoumaran moieties,
mainly in sowood lignin. Correlations corresponding to cin-
namic alcohol are also observed (D) (ca. dH/dC: Dg: 4.10/62.1
ppm). Moieties containing b–b and b-5 linkages can be
considered as condensate structures, possibly present in the
native lignin or formed during the pulping process by the
formation of C–C bonds aer the degradation of C–O–C link-
ages, which have a lower bond energy. The formation of b-5
bonds as inter-unit linkages requires the presence of a free
carbon at the position 5 in the aromatic ring, which limits the
formation of these structures from lignin with syringyl units,
such as from hardwood or herbaceous species. The chemical
structure of all the types detected by the HSQC-NMR analysis is
shown in Fig. S7.†

The aromatic region (Fig. S9†) shows the characteristic
correlations corresponding to guaiacyl units (G) (ca. dH/dC: G2:
6.87/112.6 ppm, G5: 6.74/115.77 ppm, G6: 6.75/120.27 ppm) and
those of p-hydroxyphenyl units (H) (ca. dH/dC: H2,6: 7.21/128.85
ppm), and syringyl units (S) (ca. dH/dC: S2,6: 6.68/105.8 ppm)
and Ca-oxidized syringyl units (ca. dH/dC: S

0
2;6: 7.26/106.9 ppm)

for KraHard and SodaHerb lignins in particular, and p-
hydroxyphenyl units (H) (ca. dH/dC: H2,6: 7.16/128.9 ppm).
Correlations corresponding to ferulic derivatives were also
observed (ca. dH/dC: FA2: 7.42/109.5 ppm, FA6: 7.17/124.1 ppm,
FA7: ppm, 7.50/114.6 ppm, p-CE2.6: 7.49/130.4 ppm) and (CH]

CH) (dH/dC: 5.35/120.86, 5.73/122.88 ppm). Correlations corre-
sponding to guaiacyl units substituted by carbonyl moieties (G0)
are also observed (G

0
2: dH/dC: 7.47/111.89 ppm, G

0
6: dH/dC: 7.27/

121.12 ppm).
In addition, HSQC-NMR spectra were used to quantify the

different inter-unit linkages in a semi-quantitative manner by
using the method developed by Wen et al.66 (Table 4). The data
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Example of spectra obtained by HSQC analysis of the initial lignin. (A) Oxygenated aliphatic region, (B) aromatic region.
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show that sowood lignins have a higher proportion of b-O-4
linkages compared to KraHard or SodaHerb lignin, which
makes them better candidates as raw materials for the
production of aromatic aldehydes since these linkages can lead
to the production of aromatic compounds.67 On the other hand,
comparison of data obtained for OrganoSo (i.e., 10.3%b-O-4)
and Kraso 2 (i.e., 9.8%b-O-4) lignin produced from the same
wood chips suggests that the Organoso process retains b-O-4
linkages to some extent compared to the kra process. These
results are consistent with the higher aromatic content
observed by the other NMR analyses. With the exception of
SodaHerb lignin, which has a low b–b content, little difference
is observed for the other lignins. KraHard and KraSo 1 have
the highest b–b content, which is consistent with data obtained
from 31P NMR analysis for the quantication of condensate
units. Finally, hardwood and herbaceous lignin do not present
Table 4 Semi-quantitative analysis of the different linkages observed by

%Linkage/C9 unit KraSo 1 KraSo 2 Kr

b-O-4 6.7% 9.8% 6.7
b–b 5.8% 4.1% 3.2
b-5 2.4% 3.5% 2.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
a signicant amount of b-5 linkages, which is generally low
except for the OrganoSo lignin.

Table 5 shows the quantication of the different phenyl-
propane units carried out using the aromatic region of the
HSQC NMR analyses. According to the FTIR analyses, sowood
lignin (KraSo 1, KraSo 2, KraSo 3 and OrganoSo) has
a very low proportion of syringyl units (1–6%), in contrast to
KraHard and SodaHerb, where this is themain phenylpropane
unit with, respectively, 77% and 55%. The content of p-
hydroxyphenyl units is higher in the case of the sowood lignin
and SodaHerb (i.e., 4–8%), whereas this unit is almost absent in
KraHard (i.e., 2%).

The data for the SEC analyses are given in Table 6. The
results of average molecular weight and the degree of poly-
merization are signicantly higher for sowood lignin (i.e.,
KraSo 2, KraSo 3, OrganoSo) (except for KraSo 1,
HSQC-NMR using the method employed by Wen et al.66

aSo 3 KraHard OrganoSo SodaHerb

% 5.8% 10.3% 3.6%
% 5.0% 4.0% 2.7%
% 0.5% 13.1% 0.7%

RSC Sustainability, 2024, 2, 2930–2948 | 2937
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Table 5 Proportion of the different phenylpropane units obtained from the integration of the corresponding correlations

% Of the total KraSo 1 KraSo 2 KraSo 3 KraHard OrganoSo SodaHerb

Guaiacyl units (IG2) 89% 87% 90% 21% 91% 35%
Syringyl units (IS2,6) 3% 6% 1% 77% 5% 59%
p-Hydroxyphenyl units (IH2,6) 7% 7% 8% 2% 4% 5%

Table 6 Data obtained from the SEC analysis of the different lignins

Lignin Mn (g mol−1) Mw (g mol−1) Mw/Mn

Polymerization degrees
aver. (Mw/Mmonomer)

KraSo 1 745 1505 2.0 9.1
KraSo 2 1133 2964 2.6 17.9
KraSo 3 1262 2925 2.3 17.6
KraHard 609 1456 2.4 8.8
OrganoSo 1064 2405 2.3 14.5
SodaHerb 697 1503 2.2 9.1
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which does not correlate) than for KraHard and SodaHerb
lignin, a situation already reported.69 These results may be
related to condensation reactions during the delignication
process of sowood lignin, which increase the molecular
weight. Condensation reactions generally produce a signicant
proportion of 5–5 or b-5 linkages from guaiacyl units, and are
therefore predominant with sowood lignin. Thus, SEC anal-
yses correlate with HSQC NMR analyses and semi-quantitative
determination of the proportion of linkages between units
(Table 4). It appears from the SEC analyses that the botanical
origin of wood used to produce lignin determines its molecular
weight, being less affected by the pulping method used.

In a previous study55 we showed that the formation of lignin
agglomerates in alkali solution could be a limiting factor for the
aerobic depolymerisation. Table 7 shows the results of DLS
analyses of the different lignins studied in this work. Agglom-
erates of different sizes are observed depending on the type of
lignin, with sowood lignin providing the smallest agglomer-
ates, which could reduce the mass transfer limitations.

For lignins, agglomeration and solubility under basic
conditions are closely related, the smaller the agglomerate the
higher the solubility. Zulqar et al.70,71 showed that, for poly-
amides, the aryl ether content can produce a signicant
Table 7 Average measured obtained by the DLS analysis in an
aqueous basic solution at room temperature

Lignin Z average (nm)

KraSo 1 71.7
KraSo 2 115.1
KraSo 3 153.5
KraHard 267.3
OrganoSo 70.0
OrganoHerb 637.1
SodaHerb 341.6

2938 | RSC Sustainability, 2024, 2, 2930–2948
increase in solubility. Following these studies, Fig. 4 shows the
correlation between the b-O-4 linkage content and the size of
the lignin agglomerates under basic conditions, with the
highest b-O-4 linkage content resulting in the smallest
agglomerates (and thus the highest solubility). With the
exception of KraSo 1 for which there may be an experimental
variation (which may be due to its lower average molecular
weight), all lignins showed a strong correlation between the two
parameters. Therefore, these results show that the observations
made for polyamides also exist well for lignin.

Table 8 summarizes some of the analyses carried out on
lignin. Herbaceous lignins, i.e., OrganoHerb and SodaHerb
lignins, have the lowest content of phenolic hydroxyls and b-O-4
linkages, which resulted in the formation of the largest akes
under basic aqueous conditions, resp. 637 and 342 nm, versus <
Fig. 4 Correlation between the b-O-4 content obtained by HSQC-
NMR analysis, and the floc size (Z) obtained by DLS analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Compilation of the main analysis carried out with the different lignins

Analysis 31P-NMR HSQC-NMR SEC DLS

Parameter
Phenolic OH
(mmol g−1 lignin)

b-O-4
(% linkage/C9 units) Mn (g mol−1) Z average (nm)

KraSo 1 4.53 6.7 745 71.7
KraSo 2 3.83 9.8 1133 115.1
KraSo 3 4.21 6.7 1262 153.5
KraHard 4.6 5.8 609 267.3
OrganoSo 4.04 10.3 1064 70
OrganoHerb 2.47 — — 637.1
SodaHerb 3.66 3.6 697 341.6
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270 nm for the other lignins. The molecular weight seems to be
mainly inuenced by the origin of the wood, since sowood
lignin has generally a higher molecular weight value, and thus
a higher average degree of polymerization.

While our analyses to determine the b-O-4 content of the
KraSo, OrganoSo and SodaHerb lignins show a similar
value to those reported in the literature,72,73 the obtained
phenolic hydroxyl content is signicantly higher. Here, the
experimental method and standard used can signicantly
inuence the results.

Similarly, the data obtained from SEC analyses differ from
those reported in the literature, a situation already pointed out
by Constant et al.73 as the experimental method used for the SEC
analysis has an important inuence on the molecular weight
results, limiting the extrapolation of the results to other studies.
Nevertheless, the trends observed follow those already reported,
i.e., in general sowood lignins have higher molecular weights
than hardwood or wheat straw lignins, with the exception of
Kraso 1, which differs from the other sowood lignins. A
chemical interaction between lignin and SEC column cannot be
excluded in some cases.

Non-catalytic oxidation experiments

All reaction experiments were carried out using the reaction
conditions previously optimized for sowood kra lignin
(NaOH 10 g L−1, 150 °C, 20 bar of air and 1800 rpm).31,32 Fig. 5
shows the mass balance obtained for the reaction with the
different lignins. Most of the experiments give a mass balance
Fig. 5 Mass balance of the different fractions (% wt on lignin basis) after n
20 bar of air.

© 2024 The Author(s). Published by the Royal Society of Chemistry
in the range of ca. 80%, varying from 70 to 93%. As previously
reported,55 themass loss can be explained by the different losses
observed during the fractionation process and the gases formed
during the oxidation. The main gas formed during aerobic
depolymerisation of lignin under basic conditions is carbon
dioxide, with small amounts of carbon monoxide and meth-
anol.74 However gas analysis was not performed during our
study.

In addition to the mass balance, these experiments also
provide the degree of lignin conversion. Lignin conversion was
calculated as the percentage of lignin that was not recovered
upon acidication of the reaction mixture in the form of a Kla-
son phase, representing the lignin converted to aromatics
(organic phase), linear (di)acids (aqueous phase) and gases.

Fig. 5 shows remarkable differences in terms of reactivity for
the different lignins. KraSo lignin has almost the same
amount of Klason phase, corresponding to a very close reac-
tivity, whereas OrganoSo lignin, despite the same type of wood
chips used, has a slightly higher reactivity as the amount of
Klason phase is lower. This can be directly related to the lignin
extraction process used, as the organosolv process is known to
provide lignin with less condensed units despite few structural
modications,31,32 as observed from 31P NMR. Surprisingly,
SodaHerb and OrganoHerb lignin give very different results in
terms of reactivity, which may be related to the incorporation of
alkyl moieties in the former during the extraction process as
suggested by FTIR analyses and correlated by 31P NMR studies.
KraHard lignin shows the highest reactivity, which is directly
on catalytic oxidative depolymerization tests, 150 °C, 1800 rpm, 1 hour,
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Fig. 6 Correlation between themolecular weight (Mn) obtained by the
SEC analysis, and conversion obtained by the non-catalytic oxidation
reaction.
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related to the high proportion of syringyl units, which prevents
condensation reactions during the aerobic oxidation process. In
addition, since this lignin also has the lowest molecular weight,
it was expected from the SEC analyses that it would lead to the
highest monomer and oligomer production, and more gener-
ally, the lignin conversion can be correlated with the molecular
weight calculated from the SEC analyses (Fig. 6). As the
molecular weight is proportional to the degree of polymeriza-
tion in polymers, the results show that a higher degree of
polymerization implies a longer reaction time to produce the
monomeric units.
Fig. 7 Yields of aromatics in the organic phases, calculated on lignin b
(150 °C, 20 bar air, 60 minutes).

2940 | RSC Sustainability, 2024, 2, 2930–2948
In all cases, the aqueous phase is the major fraction
produced during the reaction. KraSo lignins (KraSo 1,
KraSo 2 and KraSo 3) provide similar proportions,
between 30 and 44%. OrganoSo lignin, which has a slightly
higher reactivity, provides 57% of the aqueous phase, similar to
SodaHerb and OrganoHerb lignins; KraHard lignin, which has
the highest reactivity, is also the lignin that resulted in the
highest production of the aqueous phase with 68% wt.

In this project, the product of interest, i.e., the aromatic
compounds are found in the organic phase. From Fig. 5, it can
be seen that KraHard lignin produces the highest fraction of
interest with the highest proportion of the organic phase at
23%, followed by the sowood lignin (ca. 15%). A detailed
analysis of this phase is given below.

In addition to the determination of lignin conversions and of
the mass balance, we were particularly interested in a detailed
analysis of the organic phase containing the aromatic
compounds of interest. The nature and the proportion of the
different aromatics obtained during aerobic depolymerization
of lignins in basic media depend not only on the efficiency of
the reaction but also on the botanical origin of the wood used to
produce the lignin. The aromatics, at least the major ones, have
been quantied by GC analysis of the organic phase and the
results are summarized in Fig. 7.

Sowood lignins (i.e., KraSo 1, KraSo 2, KraSo 3 and
OrganoSo), which aremainly composed of guaiacyl units, yield
mainly vanillin, acetovanillone, vanillic acid and homovanillic
acid as a result of the aerobic oxidation of the guaiacyl deriva-
tives. On the other hand, KraHard, SodaHerb and OrganoHerb
lignins, in addition to products derived from guaiacyl units,
also led to a signicant amount of syringyl derivatives such as
syringaldehyde, syringic acid and acetosyringone. Finally,
asis, obtained from the non-catalytic oxidation of the different lignins

© 2024 The Author(s). Published by the Royal Society of Chemistry
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herbaceous lignin (i.e., OrganoHerb and SodaHerb) also
produce compounds derived from the p-hydroxyphenyl units,
such as 4-hydroxybenzaldehyde and 4-hydroxyacetophenone.

Irrespective of the lignin studied, aerobic depolymerisation
in alkaline media produced aromatic aldehydes as the main
products (i.e., vanillin, syringaldehyde and 4-hydrox-
ybenzaldehyde). Several authors have shown that acetovanillone
is formed as a by-product of the vanillin formation75 while
vanillic acid is formed by a parallel guaiacyl oxidation mecha-
nism.59 We have recently reported routes to explain the forma-
tion of these products from kra lignin, and believe that
vanillin, acetovanillone and vanillic acid are derived from
guaiacyl units via three different routes.30

The highest yields of aromatic compounds are obtained
from sowood lignin, i.e., KraSo 1, KraSo 2 and Organo-
So lignin, and are in the range of 4.9 and 5.5% wt. It is note-
worthy that OrganoSo lignin gives interesting yields of
aromatic compounds despite the low organic phase content. On
the other hand, KraSo 3 lignin resulted in lower yields of
aromatic compounds, which can be related to the lower amount
of organic phase. However, this may also be due to either an
unknown proportion of “impurities”, or to the process used to
separate it from the black liquor during acidication with sul-
phuric acid, which is known to induce structural changes and
sulfation. Inorganic sulfates are commonly found as mineral
impurities.76 KraHard and SodaHerb produced aromatic
compound yields of 2.8 and 3.6% wt resp., as a mixture of
syringaldehyde and vanillin approximately 1 : 1, corresponding
to the initial proportion of guaiacyl and syringyl units. Orga-
noHerb produced the lowest aromatic yield of 1.6% wt, prob-
ably due to the very low amount of the organic phase obtained
aer the reaction.

Wang et al.67 reported a correlation between the production
of aromatic from lignin oxidation and the content of b-O-4
Fig. 8 Correlation between the b-O-4 content obtained by HSQC-
NMR analysis, and the aromatic monomeric yield obtained from the
non-catalytic oxidation reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
linkages. The main known mechanism to produce these
aromatic compounds starts with the oxidation of these b-O-4
linkages, therefore it is logical to correlate the yield of the
aromatic compounds with the content of b-O-4 linkages in
lignin (Fig. 8). Most lignins show a signicant direct correlation
between yields of aromatic compounds and b-O-4 content.
KraHard lignin does not follow the trend, which can be related
to its signicantly higher conversion resulting in a high amount
of aqueous phase where the aromatic overoxidation compounds
are found. KraSo 3 did not re as well, for the reason
explained above. Finally, the b-O-4 content of the OrganoHerb
lignin could not be quantied due to the insolubility in the
solvent used for the NMR experiments.
Characterization of the products of reaction

Klason phases obtained from the non-catalytic oxidation of the
different lignins were analyzed by elemental analysis (Table 9).
While no strong differences were observed for the initial lignin,
the Klason phase obtained from OrganoHerb lignin shows
a signicantly higher carbon content, a lower oxygen content
and a signicant nitrogen content. This may be related to
alkylation of the lignin structure during the extraction process,
according to analyses (i.e., TGA, FTIR and NMR) of the initial
lignin.

FTIR-ATR analyses of the Klason phases are shown in
Fig. S10 and S11.† Comparison of these FTIR spectra with those
of the initial lignin (Fig. 2) shows amarked decrease in the band
at 1504 cm−1, characteristic of the aromatic backbone, while the
band at 1694 cm−1, corresponding to the non-conjugated
carbonyl groups, increases. These results conrm an oxida-
tion of this material during the reaction. The Klason of Orga-
noHerb lignin presents a higher quantity of aliphatic (2934 and
2840 cm−1) and carboxylic acids (1694 cm−1) due to the initial
alkylation during the lignin extraction process and the Klason
phase of SodaHerb lignin shows a lower level of structural
modications, when referring to the relative intensity of the
different IR bands, than KraHard lignin mainly due to a lower
conversion.

HSQC spectra of the Klason phases obtained aer non-
catalytic oxidation experiments for the aliphatic and aromatic
regions are shown in Fig. S12 and S13,† respectively.

Irrespective of whether the oxygenated aliphatic region or
the aromatic region is considered, all correlations correspond-
ing to the main structural units of lignin are still visible.
However, when compared to HSQC NMR of the starting lignin,
Table 9 Elemental composition of the Klason phases obtained from
the non-catalytic oxidation of the different lignins

% wt C H O N S

KraSo 1 59.4 4.5 35.3 0.2 0.6
KraSo 2 57.3 4.1 37.8 0.2 0.6
KraSo 3 50.0 3.7 45.1 0.2 1.0
KraHard 57.2 4.2 36.4 0.2 2.1
OrganoHerb 62.0 6.8 29.6 1.5 0.0
SodaHerb 59.7 4.8 34.3 0.7 0.5
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Fig. 9 Correlation between the decrease in the b-O-4 content ob-
tained by HSQC-NMR analysis of the Klason phases, and the mono-
meric yield obtained from the non-catalytic oxidation reaction of the
different lignins under standard conditions.
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noticeable differences are observed in the aromatic region:
correlations corresponding to guaiacyl units (ca. dH/dC: G2: 6.87/
112.6 ppm, G5: 6.74/115.77 ppm, G6: 6.75/120.27 ppm) or
syringyl units (ca. dH/dC: S2,6: 6.68/105.8 ppm) show reduced
intensity. Correlations corresponding to H-units are not
observed. The decreased intensity of these correlations is
associated with a clear increase of the intensity of correlations
associated with G0 units (G

0
2: dH/dC: 7.47/111.89 ppm, G

0
6: dH/dC:

7.27/121.12 ppm) and S0 units (G
0
2;6: 7.26/106.9 ppm) due to

a partial oxidation of the guaiacyl and syringyl units present in
the lignin. KraHard and SodaHerb lignins are particularly
affected by this reaction, which is related to the higher
conversion of these lignins. Considering the oxygenated
aliphatic region, a signicant decrease of intensity for each
signal is observed, especially for KraHard lignin. The appli-
cation of the semi-quantitative method allowed us to express
this decrease as shown in Table 10. Thus, in most cases, the
content of b-O-4 linkages in Klason phases decreased by 47% to
78%, except for SodaHerb probably due to its lower initial
content. The b-5 linkages showed a similar trend. The decrease
for the b–b linkages is signicantly lower (13% to 56%), which
can be attributed to the higher resilience of C–C linkages
compared to ether linkages under the reaction conditions.

We were particularly interested in correlating the decrease in
b-O-4 linkage content in Klason phases with monomeric
aromatic production (Fig. 9) as b-O-4 linkage is a key point to
obtaining signicant yields of aromatic compounds during
lignin oxidative depolymerization. Most of the lignins show
linear correlation between the aromatic yield and the decrease
of b-O-4 content, with the exception of KraSo 3, which
resulted in a signicantly lower yield of monomeric aromatic
compounds compared to what could be expected from its initial
b-O-4 content.

The molecular weights of the Klason Phasesmeasured by SEC
chromatography are given in Table 11. The molecular weight was
signicantly reduced during the oxidation reaction due to the
depolymerization process. The rate of reduction seems to be
related to the initial molecular weight of the lignin: thus Kra-
So 2 and KraSo 3, which have the highest molecular weight
(ca. 2900 g mol−1) show the highest rate of reduction up to 86%,
whereas SodaHerb and KraSo 1 with low molecular weight
show a lower rate of reduction. Although these data are infor-
mative, they suffer from some limitations: during acidication if
Table 10 Quantitative analysis of the different linkages observed by th
oxidation) using the method employed by Wen et al.66

% Linkage/C9 KraSo 1 KraSo 2 Kra

b-O-4 2.6% 2.2% 2.6%
b–b 3.5% 1.8% 2.8%
b-5 0.8% 1.5% 0.8%

Decrease produced by the non-catalytic oxidation (%)
b-O-4 61% 78% 61%
b–b 40% 56% 13%
b-5 67% 57% 60%

2942 | RSC Sustainability, 2024, 2, 2930–2948
the molecular weight of the lignins is too low, they will not
precipitate, so it is agreed that the molecular weight of the Kla-
son phase could present a minimum value of about 200–400 g
mol−1. On the other hand, the SEC analysis is also limited for
molecular weights close to or below 400 g mol−1.

The molecular weight distributions for the different lignin
and Klason phases are shown in the ESI (Fig. S13).† KraSo 1
shows an asymmetric distribution with a secondary peak in the
low molecular weight region, a trend that is followed by Kra-
So 2 and KraSo 3. These peaks are associated with the
presence of lowmolecular weight condensates. According to the
report by Akim et al., under oxidation conditions, stable 5–5
linkages can be formed, which limit the depolymerization rate
due to their signicantly unreactive character.61 Other lignins
show a more symmetrical contribution, which is explained by
the higher proportion of syringyl units. Such units have
a methoxy substituent at the carbon 5 position, which prevents
the formation of 5–5 linkages and reduces the formation of
condensates. Accordingly, it was expected that hardwood and
e HSQC-NMR analyses of the different Klason phases (non-catalytic

So 3 KraHard OrganoSo SodaHerb

7.6% 2.6% 1.9%
3.9% 3.5% 2.3%
0.5% 0.8% 0.7%

— 75% 47%
22% 13% 15%
— 94% 0%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Data obtained from the SEC analysis of the different Klason phases obtained from the non-catalytic oxidation of the different lignins
under standard conditions

Lignin Mn (g mol−1) Mw (g mol−1) Mw/Mn

Polymerization degree
aver. (Mw/Mmon.)

Decrease in Mn from
the initial lignin

KraSo 1 426 813 1.9 4.9 46.0%
KraSo 2 226 425 1.9 2.6 85.7%
KraSo 3 351 606 1.7 3.7 79.3%
KraHard 271 433 1.6 2.6 70.3%
OrganoSo 445 767 1.7 4.7 68.1%
SodaHerb 306 711 2.4 4.3 52.7%
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herbaceous lignin (i.e., KraHard, SodaHerb) could produce
higher yields of aromatic compounds due to the lower amount
of unreactive condensates formed during the oxidation reac-
tion, which is however limited by side degradation reactions.

Catalytic oxidation experiments

Catalytic oxidation experiments were carried out using CuO/
TiO2 (5% wt Cu, 5% Cu/lignin, 90–200 mm) under previously
optimized reaction conditions.55 Under these conditions, like
before, the catalyst was found to be stable by the absence of
leaching (<5 ppm).

Fig. 10 shows the proportions of the different phases ob-
tained from these experiments for each lignin evaluated. The
results can be compared with those shown in Fig. 5 obtained in
the absence of a catalyst. The depolymerization of sowood
lignin (KraSo 1, KraSo 2 and OrganoSo) and KraHard,
are not affected by the presence of the catalyst under our reac-
tion conditions. Similar values for lignin conversion and similar
proportions of the different phases are observed. KraSo 3,
however, shows a higher amount of Klason phase, which is
associated with a lower conversion (i.e., ca. 60% versus 70%).
SodaHerb and OrganoHerb show strong differences with the
non-catalytic experiments, especially in terms of conversion,
which increases to about 95% versus 85–89%.

We have already addressed the issue of internal mass
transfer limitation in such reactions.55 Thus, limited diffusion
of lignin into the catalyst limits its effect on the conversion of
lignin into oligomeric intermediates towards aromatic
Fig. 10 Mass balance obtained from the catalytic oxidation of the differ
CuO/TiO2 5% wt Cu, 5% Cu/lignin).

© 2024 The Author(s). Published by the Royal Society of Chemistry
compounds. It is particularly pronounced for lignin with
a number averagemolecular weight above 1000 gmol−1, such as
sowood lignin (i.e., KraSo 2 and KraSo 3). Therefore, the
initial steps of the depolymerization reaction are carried out by
non-catalytic oxidation, mainly under the action of the base,
and oligomers with lower diffusion limits are formed, which
undergo depolymerization towards the formation of aromatic
compounds under the control of the catalytic system. The lignin
with a lower molecular weight, such as SodaHerb (697 g mol−1),
shows a signicantly higher conversion driven by the catalyst
related to its lower number average molecular weight and the
probable presence of oligomers.

Fig. 11 shows the GC analyses of the organic phases. The
data show that the catalyst has a signicant activity in the
production of aromatic compounds from lignin regardless of
the lignin source, but with a limited catalytic effect depending
on the lignin source. Most aromatic compound yields were
increased by 29% to 65%, except for the OrganoSo lignin
where no signicant improvement was observed. KraSo 1
and KraSo 2 show an increase in vanillin yield up to 5% wt,
while the yields of other aromatics remain unchanged. KraSo
3 shows an increase in vanillin production up to 2.8% wt, and
KraHard and SodaHerb show a similar aromatic aldehyde
production when vanillin and syringaldehyde yields are added
(resp. 4% and 4.6%). The yields of aromatics obtained with
OrganoHerb are particularly improved in the presence of cata-
lysts with an increase of 65%, reaching a total aromatic alde-
hyde yield of 3.7% wt.
ent lignins, calculated in lignin basis (150 °C, 20 bar of air, 60 minutes,
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Fig. 11 Yields of aromatics in the organic phase, calculated on lignin basis, obtained from the catalytic oxidation of the different lignin (bars) and
total yield increase attributed to the copper catalyst (yellow points) (150 °C, 20 bar air, 60 minutes, CuO/TiO2 5% wt Cu, 5% Cu/lignin).
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Catalytic effect on the products

As before, the Klason phases obtained from the catalytic
oxidation experiments of the different lignins were analyzed.
The FTIR-ATR analyses showed no signicant changes due to
the presence of the catalyst (Fig. S14 and S15†).

The HSQC NMR spectra (Fig. S16 and S17†) of the Klason
phases show few differences compared to those obtained from
the non-catalytic runs. The oxygenated aliphatic region shows
a higher degradation of the polymeric structure, which is sup-
ported by the much lower intensities of the correlations
assigned to the inter-unit bonds as the b-O-4 (A) (ca. dH/dC: Aa:
4.76/72.1 ppm; Ab (G): 4.76/81.8 ppm; Ab (G/H): 4.28/84.8 ppm;
Ag: 3.44/60.4 ppm; A

0
g: 4.14/67.6 ppm; A

00
g: 3.70/63.58 ppm), b-

b (B) (ca. dH/dC: Ba: 4.64/85.6 ppm; Bg: 3.78, 4.16/71.6 ppm; the
Bb: 3.02/54.4 ppm completely disappeared) in resorcinol moie-
ties and b-5 (C) (ca. dH/dC: Ca: 5.49/87.8 ppm; the Cb: 3.45/
53.8 ppm is not always observed) in phenylcoumaran moieties.
Correlations corresponding to cinnamic alcohol (D) (ca. dH/dC:
Dg: 4.10/62.1 ppm) are not observed. The aromatic region shows
Table 12 Quantitative analysis of the different linkages observed by the H
CuO/TiO2, standard conditions) using the method employed by Wen et

%Linkage/C9 KraSo 1 KraSo 2 Kra

b-O-4 2.3% 3.1% 2.9%
b–b 0.7% 1.8% 2.2%
b-5 0.6% 0.6% 0.8%

Decrease produced by the catalyst (%)
b-O-4 10% — —
b–b 81% — 22%
b-5 34% 58% —

2944 | RSC Sustainability, 2024, 2, 2930–2948
almost all the correlations expected for the lignin structure,
with increased intensity of correlations related to oxidized
guaiacyl and syringyl moieties (i.e., G

0
2: dH/dC: 7.47/111.89 ppm,

G
0
6: dH/dC: 7.27/121.12 ppm; S

0
2;6: 7.26/106.9 ppm).

Table 12 shows the semi-quantitative analysis of the HSQC
NMR spectra. The data show that b-O-4 are not signicantly
affected by the presence of the catalyst. The result obtained for
the KraHard lignin can be attributed to an experimental
variation. However, the b-b bonds are, nevertheless, strongly
affected by the presence of the catalyst, but this effect is not
reected in the yield obtained for the aromatic compounds,
since the transformation of these key bonds could not lead to
a depolymerization of the oligomeric chains, but rather to
a recondensation reaction by the formation of new C–C bonds.
The evaluation of the variations in the content of b-5 bonds is
rather difficult due to their low concentration.

SEC analysis shows no signicant catalyst effect on molec-
ular weight, as can be observed in the ESI (Table S5 and
Fig. S18).† This is more likely related to the diffusion limitations
of lignin into the catalyst, and to competitive recondensation
SQC-NMR analysis of the different Klason phases (catalytic oxidation,
al.66

So 3 KraHard OrganoSo SodaHerb

2.3% 2.9% 2.9%
2.1% 0.4% 0.9%
0.6% 1.6% 0.5%

69% — —
45% 88% 59%
— — 23%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions. For KraSo 1 and KraSo 3 lignins, an increase in
the occurrence of low molecular weight condensates is
observed, conrming a catalytic activity in the formation of
condensate structures such as 5–5 biphenyl. For KraSo 2
lignin a similar distribution is observed for both runs in the
presence or absence of the catalyst, probably due to the signif-
icant proportion of condensate units in both cases. KraHard
and SodaHerb lignins resulted in a similar molecular weight
distribution in all cases, related to the presence of syringyl units
that prevent the formation of the 5–5 biphenyl condensate.
Catalytic reaction kinetics

Catalytic oxidation experiments were carried out with KraSo1
and KraHard lignin at different reaction times under the
standard reaction conditions. The initial reaction time (i.e.,
0 min) was xed aer the reactor was heated to the desired
temperature under an inert atmosphere and suddenly pres-
surized under an air atmosphere. Fig. 12 shows the concentra-
tion of the different phases at each reaction time (0, 15, 30, 60,
120 minutes) for KraHard (solid line) and KraSo 1 (dashed
line). Aer 30 minutes of reaction, the conversion of KraHard
lignin was higher than that of KraSo lignin, due to its lower
initial molecular weight.

The organic phase yield of KraHard, aer increasing slowly
during the rst 30 minutes achieving to a maximum production
of 26.8% wt, starts to decrease slightly over the reaction time.
KraSo 1 shows this decrease aer 60 minutes of reaction
time. The shorter time observed for KraHard lignin is due to
the lower stability of the syringyl derivatives as reported by
Casimiro et al.77 and the lower initial molecular weight. In
addition, for the same reasons, KraHard showed a higher
production of aqueous phase as observed aer 2 hours of
reaction time reaching 70% wt.
Fig. 12 Mass balance of the different fractions, obtained from the
catalytic oxidation (5% CuO/TiO2, 5% Cu/lignin, 90–200 mm, 150 °C,
20 bar of air and 1800 rpm) of KraftHard (continuous line), and Kraft-
Soft 1 (dotted line). Each set of points corresponds to one experiment
in the bath reactor. Lines are guide for the eyes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 13A and B show the results of GC analyses of the organic
phases. Fig. 13A shows the evolution of the aromatic aldehyde
yields over time. Syringaldehyde is the main product obtained
from the deoxidative depolymerisation of KraHard lignin and
shows a maximum yield (3.8% wt) at a reaction time of 30
minutes. Once this maximum was reached, the syringaldehyde
yield decreased rapidly to 1.6% wt aer 2 hours reaction time. It
is noteworthy that the 30 minute reaction time also corresponds
to themaximum yield of vanillin (1.7% wt), which is maintained
for 2 hours. These data support the lower stability of syringal-
dehyde derivatives under oxidative conditions. Similar obser-
vations have been reported by Rodrigues Pinto et al.69

Acetosyringone and acetovanillone (Fig. 13B) follow the
same trend as syringaldehyde and vanillin, which means that
their formation mechanism may follow the same reaction
pathway as those of aromatic aldehydes. The yields of syringic
acid and vanillic acid increased over the rst 60 minutes of
reaction time and then remained constant over the entire
reaction time. According to our own work, and as reported by
Fig. 13 Product yields obtained by GC analyses of the organic phase,
obtained from the catalytic oxidation (5% CuO/TiO2, 5% Cu/lignin, 90–
200 mm, 150 °C, 20 bar of air and 1800 rpm) of KraftHard (continuous
line), and KraftSoft 1 (dotted line).
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Schutyser et al.,78 no traces of vanillic acid or syringic acid were
obtained from oxidation experiments of vanillin or syringalde-
hyde. Therefore, these acids are not formed by vanillin or
syringaldehyde oxidation, but by alternative pathways during
aerobic depolymerisation of lignin as previously reported.30

Conclusion

In this work, seven lignins from different botanical origins and
different pulping and extraction processes were subjected to
oxidative depolymerization in an alkaline aqueous medium,
with or without the presence of a solid copper catalyst. Before
and aer reaction, the lignins and oxidation products were
characterized in detail by a combination of analytical
techniques.

In line with the literature, it has been observed that the
pulping method used to extract lignin from biomass can have
an important effect on its structures. This was particularly
highlighted by comparing OrganoSo and KraSo lignins
extracted from the same woody biomass. OrganoSo had
a higher content of b-O-4 linkages than KraSo lignin. Simi-
larly, SodaHerb showed a less degraded structure compared to
OrganoHerb lignin, although these were not extracted from
exactly the same biomass, as the way in which wheat straw is
cultivated can affect the biomass. For all lignins, apart from the
well-known distribution of phenylpropane units, it was
observed that sowood lignins appeared to have a lower average
molecular weight and a lower b-O-4 content than the others. In
conclusion, the way in which lignins are produced from
biomass affects not only their structures but also their physi-
cochemical properties.

When analyzing the way in which the physicochemical
properties affect lignin conversion, we observed that the
conversion was signicantly affected by the average molecular
weight of the lignin used. Conversions were higher for lignin
with lower average molecular weights. The benet of using
a catalyst is not always fully reected in the lignin conversion.
For example, SodaHerb (low average molecular weight lignin)
and OrganoHerb were the only lignins to show increased
conversion in the oxidative depolymerization reactions when
using the CuO/TiO2 catalyst (89 to 95% wt and 79 to 95% wt,
respectively). These results conrm that longer polymer chains
present diffusion limitations in the catalyst, which affect its
activity in lignin depolymerization. The role of the catalyst
remains unclear to some extent. Under catalytic conditions, an
increase in vanillin yield of up to 30% was obtained while no
effect on lignin conversion was observed. This suggests that
diffusion limitation exists, and that the heterogeneous catalyst
acts mainly on low molecular weight lignin chains, thus
increasing oxidative depolymerization towards expected
aromatic compounds. However, related to this mode of action,
under catalytic conditions, over-oxidation of the product could
be observed, therefore limiting the yields of the products of
interest.

The production of aromatic monomers, especially the
phenolic aldehydes vanillin and syringaldehyde, was found to
be governed by the b-O-4 content in lignin. The yields of
2946 | RSC Sustainability, 2024, 2, 2930–2948
monomers are signicantly increased for most of the lignins
when the CuO/TiO2 catalyst is used. The production of aromatic
monomers seemed to reach a maximum that could not be
exceeded regardless of the conditions used. This can be
explained by the over-oxidation reactions and condensation
reactions, which degrade the aromatic monomers, or by the low
b-O-4 bond content that limits the potential for aromatic
production during depolymerization. It may also be related to
a lack of reactivity for some lignins, such as OrganoSo, despite
the use of catalysts. Finally, although hardwood lignin has
a lower molecular weight than sowood lignin, the yields of
aromatics obtained from hardwood lignin did not reect the
higher conversions, mainly due to faster degradation reactions.
Such limitation is difficult to overcome in a batch reactor as
implemented in this study. It could probably be improved in
a continuous ow reactor, which is the subject of ongoing
studies.

Finally, regarding the CuO/TiO2 catalyst, we demonstrated
that it is stable under the reaction conditions by the absence of
copper leaching (<5 ppm), indicating that it could be reused, or
implemented in a continuous process to perform similar lignin
conversion.
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Technol., 2001, 35, 245–255.

48 K. Ninomiya, K. Ochiai, M. Eguchi, K. Kuroda, Y. Tsuge,
C. Ogino, T. Taima and K. Takahashi, Ind. Crop. Prod.,
2018, 111, 457–461.

49 C. Qu, K. Ito, I. Katsuyama, T. Mitani, K. Kashimura and
T. Watanabe, ChemSusChem, 2020, 13, 4510–4518.

50 C. Qu, M. Kaneko, K. Kashimura, K. Tanaka, S. Ozawa and
T. Watanabe, ACS Sustain. Chem. Eng., 2017, 5, 11551–11557.

51 X. Ouyang, T. Ruan and X. Qiu, Fuel Process. Technol., 2016,
144, 181–185.

52 Y. Zhu, Y. Liao, L. Lu, W. Lv, J. Liu, X. Song, J. Wu, L. Li,
C. Wang, L. Ma and B. F. Sels, ACS Catal., 2023, 13, 7929–
7941.

53 O. Y. Abdelaziz, I. Clemmensen, S. Meier, S. Bjelić,
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