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Abstract

Three complementary Kraft lignins and a Soda lignin were characterized by NMR (3'P, 13C and HSQC)
and GPC. Their theoretical yield in monomers (IMY) assuming a complete cleavage of all B-O-4 linkages
was calculated based on these analyses. The most recalcitrant Kraft lignin based on the TMY criteria was
depolymerized in supercritical ethanol (250°C, H», 110Bar) with Pt/C, Ni/C and Ru/C catalysts. All
catalysts present an important effect on monomers (analysed by GC/MS), oligomers (by UV fluorescence)
and char yields. They promote cracking reactions and the stabilization of the broken bonds by H-
transfers. The hydrogenation of the side chains of the monomers is also promoted to produce notably
propyl-guaiacol. We show that an oligomeric pool prevails for all catalysts. Then, the effect of lignin
structure on the depolymerization mechanism was studied by comparing the 4 lignins with the less
precious catalyst (Ni/C). The S/G ratio of monomers is well related to the S/G ratio of lignins. Under
our conditions, the B-O-4 content and the TMY do not control the yields in products (monomers,
oligomers or char). They are not relevant indicators for the depolymerization of these recalcitrant
technical lignins. Future work should focus on novel catalysts and processes to improve the selective

conversion of C-C bonds if monomers remain the targeted product.
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1. Introduction

Lignin is the most abundant natural macromolecule composed of aromatic moieties.! Approximately 100
million tonnes of “technical lignins” are produced annually in the world.? Technical lignins are by-
products of the pulping and cellulosic ethanol industries. The majority of the available technical lignins is
the Kraft lignin (KL) produced in pulp mills. More than 70 millions of tonnes of KL are produced
worldwide but this lignin is actually burnt in the recovery boiler of the pulp mills in order to produce
steam, power and to recover pulping chemicals.? The recovery boiler is often a bottleneck to increase the
productivity in pulp mills.*> This boiler burns the black liquor (BL) which is rich in lignin. KL can be
extracted from the BL in order to debottleneck the recovery boiler. For instance, the Lignoboost process
extracts the KL from the BL by CO» precipitation. This process has been in operation at the industrial
scale since 2013 at Domtar’s Fort Mill site in USA.6

Then, the solid lignin extracted from the BL can be valorised into bio-materials with a value over USD
1000 per tonne, compared to about USD 150 per tonne when used as a fuel. This valorisation would
greatly improve the profitability of the Kraft mills.> Consequently, the global lignin market size is expected
to expand. Increasing demand for lignin in animal feeds, bio-bitumen, concrete admixtures, adhesives,

binders, resins (etc.) is anticipated to drive the market growth.?

Nevertheless, only a very small fraction of the worldwide KL is yet extracted and valorized for high-value
chemical applications. This may be explained by the actual lower profitability of the lignin valorisation
routes compared to crude oil ones? and also to the highly variable structure of KL. The chemical
composition of KL depends on biomass species, seasonal and geographical location, the delignification
and extraction methods. Therefore, the various available KLs exhibit a high heterogeneity in chemical

functionality as well as in molecular weight.”$

In order to tackle this high heterogeneity, it has been proposed to depolymerize lignins into monomers
(like wvanillin, guaiacol, phenols, benzene, etc.) or oligomers (partly depolymerized lignin). The
depolymerization process reduces the molecular weight but also enables to better control the functional
groups in the products (hydroxyl, methoxyl, etc.) by catalytic reactions.1*-!> The depolymerization of
lignins can be conducted by pyrolysis 1%, hydrocracking/hydropyrolysis 2021 or liquefaction (in the
presence of a solvent such as water, alcohol, phenols, etc.) 2224 The mechanisms of lignin
depolymerization have been extensively reviewed.?!:!13

The KL exhibits a more recalcitrant structure than the native lignin present in biomasses impeding its
depolymerization.!-132526 Indeed, the Kraft pulping involves fragmentation and repolymerization reactions
leading to a recalcitrant and condensed lignin with a low content in ether bonds.” For this reason, Xu et al.
have proposed to produce a partly depolymerized KL (D-KL) instead of monomers.>?” D-KL could be a
better target than monomeric phenols and a profitable bio-substitute to petroleum-based polyols to
produce polyurethane foams or phenolic resins.? Recently, depolymerized lignin oils have been produced
at pilot scale replacing up to 67% of bisphenol A to produce a cured epoxy polymers with improved

properties.?

Catalytic reductive depolymerization of lignin has appeared to be a promising method to promote the
formation of phenolic compounds. It is often performed in the presence of metallic nanoparticles (Ru, Ni,
Pd, Pt, Fe, Cu, etc.) supported on a porous material (Al2O3, TiOz, activated carbons, etc.)?*-34) a reducing

agent (mainly hydrogen) and a solvent.!>3> Reductive depolymerization promotes the formation of low
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molecular weight phenols by stabilizing the cleaved bonds by H-transfers. Molecular hydrogen can be
brought by H» or by organic H-donors.

Supercritical alcohols are promising solvent for lignin depolymerization because of their high heat
transfer, high solubilisation capability, and good H-donor behavior?-31.36. Ethanol is a cheap and green
alcohol of high interest for lignin liquefaction®’. It reduces the repolymerization of lignin decomposition
products 31.

An overview of the published work on technical lignins depolymerization in supercritical alcohols is
presented in supporting material (table ST).

Most of the time, harsh conditions were tested, namely: temperature higher than 300°C leading to high
pressures (higher than 200 Bars) required to maintain the alcohol at the supercritical state.

These studies have shown the interest of using supercritical ethanol combined with a metal catalyst to
produce phenolic species but they did not explore milder conditions of potential interest for the industrial
deployment of this technology in Kraft mills. Indeed, reactor pressures not higher than about 150 Bars
may be rather targeted.?>3

Previous studies have also shown the potential of catalysts based on metals (Ru, Ni, Pt) deposited on
carbonaceous supports. Activated carbons are relatively stable supports under the liquefaction
conditions.® For these reasons, this present work compares commercial Ru, Ni and Pt catalysts supported
over activated carbons. These catalysts were not yet compared for a Kraft lignin under mild supercritical

ethanol conditions (250°C, 100 Bar). Their deactivation was not yet assessed under such conditions.

Despite the numerous studies on lignin depolymerization, we did not find articles dealing with the effect
of the structure of different Kraft lignins under supercritical ethanol conditions. This topic is of high
importance considering the heterogeneous structure of industrially available KL.

Different technical lignins were compared under other depolymerization conditions than supercritical
ethanol. For instance, Kraft, Organosolv and Soda lignins were compared by De Wild et al. in a 2 stage
process including pyrolysis and the hydrodeoxygenation of the bio-oils.# They showed an important
impact of the lignin type on the composition of monomers and that a direct hydrotreatment of lignin
gives a higher monomers yield than the 2-stage process. The effect of the type of lignins (hardwood,
softwood, Kraft, Soda, Organosolv, etc.) was highlighted by Cabral Almada et al. in a basic solution and
without catalyst for oxidative (air) depolymerization.#! They have demonstrated a relation between the
accessible phenol moieties, inter-unit linkages and the yields in aromatic compounds. Phongpreecha et al.
42 have related the monomer yields (after hydrogenolysis with Ni/C catalyst) for different alkali lignins as a
function of their -O-4 content. Amiri et al. 4> have completed the approach of Phongpreecha et al.2 by
using a simple ether cleavage model to predict the final depolymerization yields in monomers. Recently,
Xiao et al.# have studied the effect of diverse lignins prepared from Eucalyptus with varying B-O-4
contents (on a large range) and phenolic hydroxyl groups. They clearly show a relation between monomers
yields and B-O-4 contents. The Kraft lignin produces less than 5wt.% monomers under their conditions
(Pd/C, methanol, Hz, 180°C, 4h). Bouxin et al.¥ have prepared uncondensed lignins (by ammonia mild
pretreatment) and more condensed ones by Soda and organosolv pulping from the same biomass (poplar).
The lignins were depolymetized by Pt/Al,O3 under Ha, methanol/water mix, at 300°C during 2h. These
authors have also shown that the content in -O-4 bonds is a crucial factor for the production of
monomers.

All these studies have compared lignins with relatively high B-O-4 contents or presenting a large range of
B-O-4 contents. They did not compare different Kraft lignins.

Despite all these extensive studies and to the best of our knowledge, the effect of the structure of
technical lignins on their depolymerization products is still poorly understood and notably under mild
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supercritical ethanol. For instance, it remains unclear if their low content in 3-O-4 linkages controls the
monomer yields.

For this reason, we have selected relevant industrial lignins and characterized their structure by NMR
methods. We compare their depolymerization behaviours and relate the produced monomers to their

chemical structure.

To sum-up, the novelty of this work lies on the 3 following aspects:
1) Ni, Ru, Pt/C catalysts are compared and their deactivation is assessed;
2) 4 relevant and complementary technical lignins are characterized,;

3) The relations between the lignins’ structure and their depolymerization products are discussed.

2. Material and Methods

The global methodology of this work is presented in Figure 1.

Ethanol

Lignins 2B0CH: | iquid
3 Kraft - 1 Soda

31p, 13C, HSQC NMR
GPC

GPC, GC/MS,
UV fluorescence
Catalysts
Pt, Ni or Ru/C

XRD, SEM, TEM,
N2 sorption

Figure 1. Analytical methods used in this work

First, the lignins were characterized by NMR (3C, 3P and HSQC-heteronuclear single quantum
coherence) and GPC. They were converted at 250°C, in supercritical ethanol and with catalysts. The
catalysts were characterized before and after reaction by Scanning and Transmission Electron Microscopy
(SEM & TEM), XRD and N3 sorption. The liquid products were analyzed by UV fluorescence, GPC and
GC/MS. We have justified in our previous article* the interest of UV fluorescence as a fast method to
assess the distribution in monomers and oligomers produced by lignin depolymerization. The analytical
methods were developed under different conditions (Soda lignin, Pt/C catalyst)* than the ones presented

in this work.

2.1. Characterization of the lignins

The lignins studied in this work are presented in table 1. These lignins were selected as the most
representative and available technical lignins. It is of high importance to compare the depolymerization of

these industrial lignins in order to assess the feasibility of lignin depolymerization integrated in the existing
pulp mills.
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Table 1. Code and suppliers of the selected technical lignins

Code name | Lignin type Biomass Supplier

K1 Kraft - Southern UPM Biochemicals (Finland), produced by DOMTAR
LignoBoost Pine wood | Plymouth, USA (Biochoice process)

"BioPiva 100"
K2 Kraft Eucalyptus | Fibria produced on a pilot at 500t/ year in the mill of Jacatei
(Brazil)

K3 Kraft — pilot stage, | Pine wood | Black liquors sampled, in the frame of this present work, at the
produced by the Facture pulp plant (Smurfit Kappa, France), mainly using Pinus
authors Pinaster wood, and then lignin precipitated by CO> for this

study (see supporting material for the protocol)

Soda Soda lignin - Wheat Green Value (USA), produced in India
Protobind 1000 straw

The K3 lignin has been tailor produced from a BL sampled in an industrial Kraft mill for this work (see
supporting material for the complete procedure). The 3 other lignins have been provided by the suppliers.
NMR (P NMR, 13C and HSQC) and GPC methods are described in supporting material.

2.2, Characterization of the catalysts

3 catalysts were selected based on the literature review. 5wt.% Ru/C and 5wt.% Ni/C were supplied by
Ryogen (ref.0139-CRuA05 and 0158-CNiA05 respectively), 5 wt.% Pt/C by Sigma Aldrich (ref. 908010).

The morphology of the catalysts before and after reaction was characterized by Scanning Electron
Microscopy (SEM) on a JEOL JSM-6490LV microscope combined with energy dispersive X-ray
spectroscopy (EDX) for analysing the global composition of the particles.

Transmission Electron Microscopy (TEM) images of the catalysts were obtained with a JEOL ARM200-
CFEG microscope operating at 200kV. The catalyst powders were dispersed into chloroform by
ultrasonic treatment and the obtained suspensions were deposited on a gold observation grid covered with
a film of an amorphous carbon. The particle size distribution of metallic nanoparticles was obtained by
analysing the TEM images. 50 to 100 particles were detected and their size was computed from the
projected area of each particle (under the Image] software).

The textural properties of the catalysts before and after reaction were obtained from adsorption isotherms
of Nz at 77K. The experiments were done on a Micromeritics ASAP 2420 device in the relative pressure
range 107 - 1. Prior to the analysis, the samples were outgassed at 300°C during 12 hr. The CO;
adsorption isotherms at 273K were measured on the same experimental set-up. The surface area of the
materials was obtained by applying the BET equation in the relative pressure range 0.01 - 0.05 since most
samples exhibited significant amount of micropores. The total pore volume was calculated from the N2
volume adsorbed at a relative pressure of 0.99. The volumes of micropores (pore diameter below 2nm)

and of narrow micropores (i.e. ultramicropores with a diameter below 0.7 nm) were obtained by applying
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the Dubinin-Radushkevich equation on the N2 and CO» adsorption isotherms, respectively. Pore size
distribution was obtained by using the NL-DFT model for slit pores with finite depth.

The structure of the catalysts was analyzed by X-ray diffraction (XRD) with a Bruker D8 Advance X-ray
diffractometer. The detector was a LYNXEYE XE-T 1-D detector in high resolution mode fully opened
(2.72°). The wave length used was CuKa1,2. The diffractograms were recorded for 20 angles between 10°
and 130° at a step scan of 0.014° with a step time of 1.80 s. The diffractometer used fixed divergence slits

(0.03°). An automatic motorized anti-scatter screen was used to avoid air-scattering at low angles.
2.3. Catalytic depolymerization and analysis of the products

The methods for the liquefaction and analysis of liquids were previously presented in our previous
article.* Briefly, lignin depolymerization was carried out in a 300 mL autoclave. The reactor was loaded
with 10 g of lignin, 200 mL of pure ethanol and Pt/C, Ru/C or Ni/C catalyst to reach 1% wt., metal load
based on lignin mass (2.0 g of Met/C catalyst, 5% wt. of metal loading, leading to 0.1g of metal for 10g
lignin). 100 pl of hexadecane was injected as an internal standard (with the 200mL ethanol, lignin and
catalyst) for a more accurate quantification of monomers by GC/MS-FID. The autoclave (stirred at 400
rpm) was purged several times, then charged with 10 Bar Hz and heated up to 250°C at 5 K/min, and
maintained during 4h at 250°C. The final pressure was 110 Bar. The liquid was sampled under isothermal
condition (at 250°C) at different time on stream as previously presented.*® The time “0” is defined once
the temperature reached 250°C (first sampling).

The catalysts and solid particles were recovered by filtration (at 1.2um) of the whole remaining solution

after the 4 hours of reaction. Char yield was calculated by subtracting the mass of catalyst.
The sampled liquids were analyzed by:

1) GPC-UV (in THF without acetylation);

2) GC/MS-FID by the internal calibration method,;

3) UV fluorescence with 20nm offset as justified in our previous work?*,

The analytical methods are presented in supporting matetial.

3. Results
3.1. Characterization of lignins

The chemical composition of the 4 lignins is presented in table 2.
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Table 2. Main chemical properties of the 4 technical lignins

assuming complete
cleavage of B-O-4 (%)

Chemical properties Lignin K1 K2 K3 Soda Method
Mw (Da) 7600 4300 8600 4200 GPC
CHO 65.5/5.6/21.1 63.6/5.3/26.4 71/5.6/21.3 64.6/5.6/25.5 (wt.%)

Elemental
NS <0.1/21 0.1/2.4 <0.1/2.0 0.5/0.7 analysis
Na 0.16 0.17 0.28 0.09 We%)
K 0.01 0.04 0.15 0.04 ICP-OES ¥
C=0 Ester mainly acetate
2.4 0.9 3.4 2.3
(185 - 167ppm)
Aromatic C-O
14.3 12.4 12 11.5
(164 — 140ppm)
Aromatic C-C C NMR
22.5 24.5 19.4 23.5 (mmol/g
(140 — 100ppm) lignin)
Aliphatic C-O
5.6 4.8 8.9 4.8
(100 — 60ppm)
Methoxyl (60-51ppm) 5.4 8.4 4.6 6.7
Aliphatic (35-10ppm) 4.4 2.1 10.9 5.1
Ali-OH (150-145ppm) 1.66 1.39 1.28 1.32
Syringyl OH/ Condensed
: 1.9 3.45 1.21 2.3
structure (144-140ppm)

. 31P NMR
Guaiacyl OH / p-hydroxy (mmol/g
phenyl OH (140 - 136 291 1.38 1.74 1.64 lignin)
ppm)

Carboxylic acid (136-132
0.58 0.48 0.4 0.9
ppm)
HSQC
%G 96.9 26.9 98 42.5 NMR
o (mol. %),
%08 0 73.1 1 54.3 StGAH =
%H 3.1 0 1 32 100%
HSQC
B-O-4 7.6 9.1 4.8 5.5 (number of
B—p 4.4 6.4 4.8 4.1 linkages per
100
B-5 3.2 0.7 2.5 1.2 aromatic
rings)
Empirical formula of a C9 CoHe3019(OCH3)1
CoH75015(OCH3)0ss CoHe7013(OCH3)0ss | CoH71019(OCH3) 115
based monomer 7
Deor f polymerizati alcul
cgrec OF POYMERZANON | 130 6.6 15.0 6.7 Caleulated
(D.P) based on
Fraction of cleavable the GPC(’i
, 8.2 107 5.1 6.5 NMR an
bonds (Fcs) (%0) elemental
Theoretical yield in analysis and
monomers (TM on ref,26:43
onomes (IMY) 1.8 4.1 0.9 22

The molecular weights of K2 and Soda lignins (~4000 Da) are lower than the ones of K1 and K3 (7600

and 8600 Da). These molecular weights are usual values for technical lignins26:4,
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K1, K2 and soda lignins present a similar carbon content (65%wt.). K1 and K3 have a lower oxygen
content. The sulphur content is similar in the 3 Kraft lignins (about 2 wt.%) but lower in the Soda lignin.
The Soda lignin has a higher N content.

The main linkages present in the technical lignins are displayed in figure 2.

Figure 2. Simplified structure of a segment of the technical lignins, representing some important moieties
as analyzed by NMR

This simplified scheme does not depict the distribution of all the moieties in relation to their NMR
quantification. It is presented to support the discussion and to illustrate the diversity of moieties in the
technical lignins. More advanced structures were proposed for Kraft and Soda lignins™48. This scheme
only presents a segment of lignin molecules. Indeed, our technical lignins present an average degree of
polymerization (DP) between 6 and 15 of Cy aromatic units (see table 2). The DP of K2 and Soda lignins
is lower and of about 6 aromatic units. The content in 3-O-4 bonds is lower than 10 linkages per 100
aromatics units (table 2) for all the lignins, which is in agreement with previous studies’264, The K2 lignin
presents the highest content in -O-4 and B-5 linkages. It has the highest content in syringyl and methoxyl
groups because this lignin is produced from Eucalyptus (see tables 1 and 2). K1 lignin is the richest lignin
in guaiacyl groups.

The fraction of cleavable bonds (Fcp) and the theoretical yields in monomers (TMY) are presented in
table 2. They are based on the approach proposed in previous work 2643 and on our present analyses. It
has been previously shown in several studies that the monomer yields under solvent depolymerization
conditions can be related to the content in B-O-4 bonds*4. Therefore, it is of interest to calculate a
theoretical yield in monomers by assuming a complete conversion of the B-O-4 bonds 264 in order to
compare the theoretical potential of our lignins. TMY increases for lower DP lignins and higher B-O-4
contents.

Our results are in very close agreement with a recent characterization of similar technical lignins.?e TMY
ranges between 0.9 to 4.1% for our 4 lignins with K3 being the most recalcitrant lignin (based on this
theoretical calculation) due to its higher molecular weight and lower content in 3-O-4 bonds. These very
low TMYs infer that all our technical lignins would yield to very low monomer yields if we assume the
complete cleavage of the B-O-4 bonds. This outcome is further discussed in the next sections and is

related to the analysis of liquid products obtained after catalytic depolymerization.
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3.2. Characterization of the catalysts

First, the most recalcitrant lignin (K3, based on TMY calculation) was tested on the 3 catalysts. The
catalysts were characterized by SEM-EDX before and after K3 lignin depolymerization (figure 3).

Ni/C Pt/C Ru/C

Before
Reaction £

X100  100pm

After
Reaction

I S

o8t 2B - % P
X100  100pm 5kv X100  100pm 5kv X100  100pm

Figure 3. SEM analysis of the catalyst before and after K3 lignin depolymerization (4h, 250°C, ethanol)

The EDX mappings of the main elements (C, O, Si, metal, S, etc.) are presented in supporting

information.

The catalysts present a large range of particle sizes between about 10 and 100um. After reaction, bigger
patticles are formed notably for Ni/C catalyst, highlighting an agglomeration of catalyst particles by lignin-
based softened and sticky intermediates®.

The EDX analysis (figure S7 in supporting material) clearly displays a decrease in metal content after the
reaction on the surface of all catalyst particles and a relatively homogeneous composition (at the pm scale)
of the deposit which is mainly composed of C, O, Na, S. Because our catalysts are composed of carbon as
the support of metals, sulphur and sodium are good indicators of the origin of the carbon deposit coming
from lignin intermediates (2 wt.% of S in K3 lignin, table 2). The oxygen content of the deposit is also
higher than the one of the support. Bright particles for Ru/C after reaction are due to contrast analysis
issues. We checked by EDX that the composition of the brighter particles was similar than the other ones
(mainly based of C, O and S from lignin deposit).

The ratio of S/metal element (or O/metal) may be used as a broad indicator of the lignin-based deposit
over the particles of catalysts. Pt/C and Ru/C present a lower ratio and especially Pt/C is less recovered
by lignin-based deposit with still an important fraction of Pt detected by EDX after reaction (figure S7).
To the best of our knowledge, this deposit of lignin-based material over catalysts had yet been poortly

evidenced. It is sometimes leached by solvents before catalyst recycling tests .

At a smaller scale of observation, TEM highlights the global atomic structure of the carbon support
(figure 4) and the size of the nanoparticles of metals.
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Ni/C Pt/C Ru/C

Before
Reaction

After
Reaction

Figure 4. TEM analysis before and after K3 lignin depolymerization

The carbon support is mainly composed of microporous disordered carbons which is typical of activated
carbons produced from the pyrolysis of biomass. It was not possible to discriminate by TEM the
deposited carbon after reaction vs. the carbon of the support. Further analysis would be needed to identify
the structure of the lignin-based carbon deposit, for instance by solvent extraction, advanced NMR,
differential thermal annealing®' or XPS.

The particle size of the metallic nanoparticles has been analyzed by TEM and is given in supplementary
material (figure S8). Before K3 depolymerization, the average nanopatrticle size is 9.1nm, 2.6nm, 2.1nm for
Ni, Pt and Ru respectively. The metals and notably Pt and Ru are well dispersed in these catalysts.

Nickel mean particles size increases from 9.1 to 12.1 nm after reaction. Platinum and ruthenium catalysts
are less impacted by the reaction.

Metallic nanoparticles dispersed on a carbon support exhibit different mobilities, which depend on the
nature of the metal and on the temperature®?. For a given metal, this mobility is correlated with the so-
called “Tammann temperature”, defined as 50% of the fusion temperature®. The growth of the
nanoparticles during catalytic reactions is strongly related to this mobility. For the three metals tested here,
the Tammann temperatures are 863, 1020 and 1291 K for Ni, Pt and Ru, respectively. These values shows
that the mobility of nickel nanoparticles is higher than the one of Pt and Ru nanoparticles in carbons. Due
to their higher Tammann temperature, platinum and ruthenium nanoparticles are more stable.

A second mechanism known as Ostwald ripening can lead to the sintering of nanoparticles>*. It is based
on dissolution-migration-recondensation which might occur on the metallic phase during the catalytic
depolymerization. The dissolution step of Ostwald ripening strongly depends on the different reactions
which can take place and the migration step can occur through the fluid phase (3D mechanism) or on the
catalyst surface (2D mechanism) . It remains unclear which detailed mechanism can explain the increase
in particle size of Ni/C under supercritical ethanol conditions.

Then, the composition of the crystals was studied by XRD. XRD diffractograms of pristine and spent
catalysts are presented in supporting material (figure S9). Metallic nanoparticles can be detected by the
peaks at 44.55 and 51.91° for Ni, 39.76 and 46.24° for Pt, 44.10 and 42.18° for Ru. It was not possible to
use the Scherrer equation to calculate a mean crystal size because the amount of the metal was too low (as
shown by EDX for Ni catalyst) or the particle size was too small (as shown by TEM analysis for Ru and
Pt catalysts). SEM-EDX analysis shows that Ru-C and Ni-C catalysts have a significant silica content. This
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is confirmed by XRD analysis which evidences the presence of silica crystals (main peaks at 20.86, 26.64
and 68.2°). These peaks are lowered after reaction maybe due to a partial dissolution of silica in

supercritical ethanol.

After reaction, several new peaks can be observed and the diffractograms are more difficult to analyze.
Some peaks are related to sodium sulfate deposits with main peaks at 22.54 and 31.19 and 33.11° (PDF
27-0791). This is in agreement with the significant content of sulphur and sodium observed by EDX in
the spent catalysts coming from the lignin-based deposit. We did not detect the presence of sulfided
metals. A sulfidation of the metallic phase does not seem the major mechanism of deactivation of the

catalyst under our conditions, despite the high content in sulfur of K3 lignin.
The textural properties of the pristine and spent catalysts are presented in Table 3.

Table 3. Total pore volume (Vp), BET surface area (SBET), micropore volume (VN2) and ultramicropore
volume (VCOy) for pristine and spent catalysts after K3 lignin depolymerization

Vp (em?/g) Sprr (m?/g) Ve (em?/g) Veoz (em*/g)
Pt/C-BR (before 1.29 1541 0.52 0.25
reaction)
Pt/C-AR (after 0.17 103 0.04 -
reaction)
Ru/C-BR 0.68 757 0.30 0.21
Ru/C-AR 0.01 7 0.00 -
Ni/C-BR 0.04 910 0.34 0.24
Ni/C-AR 0.02 16 0.00 -

The nitrogen adsorption isotherms are provided in supplementary material (figure S10). Before reaction,
the three catalysts have significant high surface areas. Pt/C-BR (before reaction) exhibits a large
micropore volume (0.52 cm3/g). The mesopore volume estimated from the difference V,-Ve is also high
(0.77 cm3/g). This material is typical of highly activated carbons. The Ru and Ni based catalysts have a
lower surface area, with a lower micropore volume and also a lower mesopore volume. It must be noticed
that the three catalysts have a very similar volume of ultramicropores which is obtained from CO»
adsorption isotherm. This is typical of carbon materials with a very low level of organisation.

After K3 lignin depolymerization, the surface areas and porosities of the 3 catalysts are strongly decreased.
In the case of ruthenium and nickel catalysts, the materials are even no more porous. Pt/C-AR keeps a
surface area of 103 m?/g after reaction (table 3). Its micropore volume has decreased to a very low (but
not null) value and, contrary to the two other catalysts, some small mesopores (5-10nm) are still observed
in the platinum catalyst. The distribution of pore sizes as determined by NL-DFT is presented in
supplementary material (figure S11). It clearly shows the plugging of the majority of pores with a lower
plugging of pores (> 5nm) for Pt/C catalyst. This result is consistent with a lower deposit of lignin-based
carbon over Pt/C as detected by SEM-EDX.
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3.3. Effect of the catalysts on Kraft lignin depolymerization

The 3 catalysts (Ni/C, Ru/C, Pt/C) wete compared on K3 lignin, the most recalcitrant one based on
TMY calculation.

Table 4. Yields of char and monomers (by GC/MS) after 4 hours of reaction at 250°C for K3 lignin

Catalyst no catalyst 1% Ru 1% Ni 1% Pt
Char (Yowt) 46.7 22.5 27.7 15.0
Monomers (Yowt) 24 4.1 4.7 5.1

Table 4 shows that the char yields are importantly decreased by the 3 catalysts and especially for the Pt/C
catalyst, in good agreement with Kim et al.2. These authors also found that Pt/C produces less char than
Ru and Ni/C but under mote severe conditions than outs (350°C, ethanol). Pt/C promotes the transfer of
H atoms (from ethanol) and the subsequent stabilization of the broken reactive bonds.*-56 It reduces
secondary condensation reactions leading to char.

The 3 catalysts also promote the stabilization of monomers by H-transfer reactions. Indeed, the monomer
yields as determined by GC/MS is about doubled by the 3 catalysts compared to the uncatalyzed test, but
these yields (of about 5 wt.%) are still low due to the relatively mild conditions selected in this work
(250°C, 110 Bar) and to the high recalcitrance of the Kraft lignin.

The liquid products present a similar molecular weight of about 800 Da for all conditions (by GPC, table
S5). It means that lignin is depolymerized to produce mainly oligomers in the range of 3-5 aromatic units
(~800 Da). This result is again in excellent agreement with Kim et al.?. It confirms our proposed
mechanism* highlighting that an “oligomeric pool” prevails upon the depolymerization of lignin. In this
present work, we show that this oligomeric pool occurs whatever the catalyst used. The 3 catalysts present
mainly micropores with important diffusion limitations for the transfer of lignin and oligomers. Therefore,
lignin and oligomers conversion are likely to occur at liquid state or on the external surface of the catalyst
as it is highlighted by the deposit of the lignin-based material over the catalysts (analyzed by SEM-EDX).

The importance of this oligomeric pool is also well depicted by the UV fluorescence analysis of the
liquids. Lignin produces a continuum of molecules from oligomers to monomers. It is of high importance
to analyze this continuum of molecules for understanding the mechanisms of lignin depolymerization. We
have previously demonstrated that UV fluorescence is an interesting technique to assess fastly this
continuum without samples’ pre-treatment 4. The emission peak of UV fluorescence is related to the
number of undisrupted conjugated bonds in molecules and, therefore, to the molecular weight of the
conjugated molecules.”™ UV fluorescence is a relevant technique in our case because our technical
lignins (table 2) and the depolymerization products are mainly composed of conjugated moieties, but it is
only semi-quantitative owing to the complexity of the molecular pool. The UV fluorescence spectra are
presented in supporting material (figure S12). They depict 3 main peaks as previously unraveled: at
around 375nm (lignin), 350nm (oligomers), 305nm (monomers). They show a progressive decrease of the
lignin peak accompanied with an increase in oligomers and monomers peaks upon the conversion time.
For all conditions, the peak at 375nm is the major one up to the first 30 minutes. Then the peak of
oligomers dominates the signal after 2 hours of conversion time for Pt/C. Ni/C presents a slower

decrease of the lignin peak than Ru and Pt/C which is consistent with the known higher reactivity of Pt
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and Ru for cracking reactions compared to Ni.%0 The importance of the oligomer peak at a constant
emission wavelength (350 nm) confirms the results of the GPC analysis that an oligomeric pool dominates
the continuum of molecules and that its molecular weight (related to the emission wavelength) stays
globally constant for all conditions. In this oligomeric pool, a competition between depolymerization
(bonds breaking) and reoligomerization (or condensation) reactions may occur. Possible condensation
reactions of lignin fragments were reviewed recently.6!

We have proposed a depolymerization index (DI) based on the deconvolution of UV fluorescence
peaks#. It relates the signal of the depolymerization products (monomers and oligomers) to the global
signal (products + lignin). This DI is presented in figure 5 for the 3 catalysts and as a function of

conversion time for the liquids sampled under isothermal conditions (250°C).
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Figure 5. Evolution of the depolymerization index (DI) determined by UV fluorescence for K3 lignin

conversion with the 3 catalysts and as a function of reaction time (sampling at 250°C)

The DI (figure 5) is clearly different between catalyzed and uncatalyzed experiments. The DI is much
higher in the early stage of the conversion for the 3 catalysts compared to the uncatalyzed experiment.
Pt/C presents a higher DI than Ru and Ni/C. Ru/C exhibits a higher increase in DI and overtakes the 2
other catalysts after 4 hours conversion time. This catalyst better promotes the depolymerization of lignin
to form oligomers compared to the 2 other catalysts but it does not significantly promote the formation of
monomers (based on GC/MS).

In order to gain better insights into the effect of the catalysts, the molecular composition of the
monomers was analyzed by GC/MS. The detailed GC/MS results are presented in supplementary material
(table S6).

Figure 6 shows that Ru and Pt/C catalysts produce more alkyl phenolic monomers than Ni/C catalyst. It
is known that Ni/C presents a lower catalytic activity for hydrogenation reactions.® Pt/C exhibits the best
selectivity in alkyl phenols.
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Figure 6. Alkyl, alkene & not substituted phenols yields (wt.%) for after 4h of K3 lignin conversion
(250°C, ethanol, Ha, after 4hours of reaction)

Figure 7 displays the mass yields of the main monomers after 4 hours of K3 lignin conversion.
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Figure 7. Mass yields (wt.%) of major monomers (by GC/MS) after 4hours of K3 lignin depolymerization
(3 catalysts, 250°C, ethanol, Hy)

It is interesting to notice that the Pt and Ru/C catalysts promote the formation of propyl guaiacol by a
factor of more than 10 despite their relatively low mass ratio (1wt.% of metal vs. the mass of lignin). Ethyl
guaiacol is also notably promoted by the 3 catalysts. More important differences on monomers yields
between the catalyzed and uncatalyzed conditions are obtained in our case compared to Kim et al.?
probably due to milder conditions (250°C vs. 350°C for Kim et al.) which may enhance the effect of the
catalysts.

All the main monomers are composed of guaiacyl groups. It is consistent with the NMR analysis of the
K3 lignin (table 2) which is produced by Pine pulping. The alkyl-guaiacols may have some potential
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interest as a green solvent in biorefineries %2 or for higher added-value application after purification.63.64

But they are still produced at low yields due to the recalcitrance of the Kraft lignin.

In order to better understand the formation of these molecules, the evolution of the main monomers

sampled upon the time of conversion is presented in figure 8.
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Figure 8. Main monomers as a function of conversion time and catalysts (lignin K3, conversion at 250°C,
ethanol, H»)

Concerning the uncatalyzed experiment, the methoxyphenols with a ketone or a carboxylic side chain
remain stable and the major products. These compounds may be formed by the cleavage of B-O-4
linkages through H-transfer hydrogenolysis of an intermediate pentacyclic ether bond.’ This reaction
occurs at the beginning of the reaction (in the first 30 min) and even without catalyst, under our

conditions (figure 8).

The 3 catalysts completely modify the profile of monomers formation. The Ni- and Ru-based catalysts
present a similar behaviour with a progressive increase of propyl-guaiacol upon the time of conversion at
the expense of iso-eugenol. Nevertheless, Ru/C shows a higher ability to hydrogenate the propenyl chain
of isoeugenol than the Ni/C catalyst. Pt/C exhibits a different behaviour with propyl-guaiacol being the
major component at the early stage of conversion. This results confirms the highest activity of Pt/C to
promote H-transfers 240 and the subsequent hydrogenation of the alkene side chains. This mechanism has
been previously unravelled by Besse et al.5. The C=C double bond of the propenyl chain in eugenol is
fastly hydrogenated by Pt/C. The reaction can be desctribed by a two-step process. The first step is the
isomerization of the double bond on the alkyl chain of eugenol. The second step is the hydrogenation of
this double bond. Hydrogen can be supplied by ethanol through the Pt active site.%
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Some ethanol-derived products were detected only at early reaction times and at small yields (1-Butanol;
1,1-diethoxy-Ethane; Butanoic acid, ethyl ester, etc.)*. The conversion of ethanol under similar conditions
has been studied in more details by other authors3:6, It is well known that metallic catalysts enhance the
key role of ethanol to stabilize the radical fragments by ethanol alkylation reactions and therefore to

promote monomer yields.31.67
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Figure 9. Simplified mechanism of Kraft lignin depolymerization under supercritical ethanol highlighting
the different effects of the catalysts (Ni, Ru, Pt/C)

Our main findings concerning this section on the effect of catalysts are summarized in the scheme of
figure 9. They are the followings:

1) we showed by SEM-EDX and N sorption that all catalysts were recovered by a lignin-based
deposit leading to pores plugging.

2) For the 3 catalysts, an oligomeric pool prevails as highlighted by GPC and UV fluorescence. The
formation of this pool is notably promoted by the catalysts.

3) Less deposit is obsetved over Pt/C which is consistent with a lower char formation. This catalyst
promotes the cracking of lignin to oligomers (as evidenced by UV fluorescence) maybe due to a
higher activity for C-C bonds cracking than the 2 other catalysts®s.

4) 'The catalysts (and notably Pt/C) also promote H-transfer reactions to stabilise the broken bonds,
reduce condensation reactions and therefore promote monomers formation. They present an
important effect on the yield in monomers and notably on propyl-guaiacol by catalysing the
hydrogenation of alkene side chains of monomers (like iso-eugenol). But the yield in monomers
are still low under our mild conditions whatever the catalysts used due to the recalcitrance of our
Kraft lignin.
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3.4. Effect of technical lignin structure on their depolymerization products with Ni/C

It is important to better understand the effect of the structure of the technical lignins on the
depolymerization mechanisms presented in figure 9. Ni/C catalyst has been selected to compare the
different lignins because it presents a similar yield in monomers as the other catalysts but with a cheaper
and less precious metal (than Pt or Ru). Furthermore, it has been widely used for the depolymerization of

various lignins or model compounds 2:4260.69-71,
Table 5 presents the char and monomer yields for the 4 different lignins fully characterized in table 2.

Table 5. Yields of char and monomers after 4 hours conversion (250°C, ethanol) for the 4 lignins

Type of lighin K3 K1 K2 Soda
Catalyst 1% Ni 1% Ni 1% Ni 1% Ni
Char (Yowt) 27.7 32.8 10.0 20.1
Monomers (Yowt) | 4.7 2.2 4.2 4.9

The char yield is 3 times lower (10wt.%) for the K2 lignin. This point may be explained by the
combination of a lower molecular weight and higher B-O-4 content of this K2 lignin. These 2 structural
behaviours are integrated in the calculation of the theoretical monomer yield (TMY) (see table 2)26. K2
presents the highest TMY. Nevertheless, Figure 10 clearly shows that the char yield is not related to the
TMY for these 4 lignins (nor to their molecular weight).

40 40
I K1 L K1
@ L2
30 K3 30 ”
S ¢ ¢ g - K3 ¢
- Soda - Soda
@ 20 @ 20 t
> >
g [ K2 £ [
© 10 ® S 10 | *
i I K2
0 1 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1 1 1 1 J
0 1 2 3 a4 5 00 05 1.0 15 20 25

Theoretical yield in monomers (TMY,

1 0
based on lignin characterization, %) S/G ratio (by NMR, %)

Figure 10. Relations between char yields and the chemical structure of lignins (TMY and S/G ratio)

Char yield can also depend on the S/G ratio of the lignins 6. Indeed, char formation may rely on the
chemistry of the methoxyl groups®72. A possible pathway to char formation from methoxyl aromatic
moieties first involves the formation of radical species leading to o-quinone methide and their subsequent
polycondensation 6172 Syringyl groups are prone to produce more char than guaiacyl ones (roughly twice)
because their two methoxyl groups result to a “double opportunity” of o-quinone methide formation. But
it remains unclear if this mechanism occurs under catalytic supercritical ethanol conditions. For this

reason, we have plotted in figure 10 char yields as a function of the S/G ratio of the 4 lignins (as
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quantified by NMR). Char yields decreases with the S/G ratio in lignins. In fact, the methoxyl groups
seem mostly stable under our conditions as exemplified in Figure 11 by the excellent correlation between
S/G moieties in monomers (by GC/MS) and S/G ratio in lignins (by NMR). Char formation may not be
controlled by the conversion of methoxyl groups under our conditions. In the conditions of stable
methoxyl groups, it is known that the 5-position on the aromatic ring in guaiacyl group is more susceptible
to condensation reactions.” Therefore, the char yield may rather depend on guaiacyl group contents in

our conditions (figure 10).
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Figure 11. Relations between the S/G moieties present in all quantified monomers (by GC/MS, %mol.)
and the S/G ratio quantified by NMR in the lignins (% mol.)

Figure 12 shows that the monomer final yield is not related to the TMY of the lignins, under our
conditions, contrary to previous studies*2-4> using less condensed lignins and/or lignins presenting a larger
range of -O-4 content. In our case, the monomer yield is not related either to other ether bonds cleavage
nor to the S/G ratio.
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Figure 12. Lack of relation between experimental monomers yield, depolymerization index and theoretical

yield in monomers

The UV fluorescence spectra and index are presented in supporting material (figure S14 and S15). It
shows a higher depolymerization for K1 and Soda lignins after 4 hours’ conversion. K2 seems the most

recalcitrant lignin based on UV fluorescence. This point may be tentatively explained by a lower content in
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aliphatic carbons (by *C NMR, table 2) in K2 lignin leading to lower available bonds for C-C catalytic
cracking. The catalyst may cleave C-C bonds®-* (probably rather saturated, less stable). The lower yield in
C-C bond conversion for K2 may also reduce the subsequent re-condensation reactions leading to char.
As for monomer yields, the depolymerization index (DI) is not related to the conversion of -O-4 bonds
(to TMY, figure 12). The lignin structure highly impacts the relative distribution in oligomers (notably for
K2) but not their average molecular size. Indeed, GPC analysis (table S5) shows similar molecular size of
the liquids (about 800-900 Da) in agreement with the constant emission wavelength (around 350nm) of
the oligomers peak obtained by UV fluorescence (figure S14).

Monomer and oligomers yields are not controlled by the cleavage of B-O-4 bonds in our conditions. It
may rather depend on the behaviour of the catalyst to cleave other bonds (notably C-C bonds®»*%) and to
stabilise the formed fragments by H-transfers. Other yet unexplored phenomena may also occur!>¢! such
as: the branching of lignin macromolecules, the conformation of lignin and oligomeric pool in the solvent,

mass transfer effects, the accessibility of lignin bonds to the active sites of the catalyst, etc.

The global monomer yields are not well related to lignin structure. Nevertheless, the chemical
composition of the monomers is highly impacted by the lignin structure, as displayed in figure 11 for the
S/G ratio of monomers.

Figure 13 presents the main chemical families of phenolic monomers for the 4 lignins.
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Figure 13. Alkyl, alkene & not substituted phenols yields (wt.%) for the 4 different lignins after 4h
conversion time (Ni/C, 250°C, ethanol)

The 4 lignins produce mainly alkyl phenols. Ni/C catalyst can promote the hydrogenation of the side
chains® and the ethanol-based alkylation of monomeric fragments 31°0. K1 produces a very low yield in
unsubstituted phenols. We did not succeed to explain this result based on the structural analysis of this

lignin.

Figure 14 presents the breakdown of major monomers. K2 and Soda lignins form an important yield in
propyl-syringol, which is in-line with their higher syringyl content as analyzed by NMR. Syringol and
propyl syringol are not detected for K1 and K3 lignins. The K3 lignin produces the highest yield in propyl
guaiacol.
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Figure 14. Mass yields of major monomers for the 4 lignins with Ni/C catalyst after 4 hours of conversion

In order to better understand the fate of these major monomers, their profile is displayed as a function of

time in figure 15.

0.7 -

K1 1%Ni
- 10 P
; o : -
£ os 2
z z
2 06 o’ 2
5 LT -
S S
= 04 =
2 = 2
0 92 S o
\g’; ~0 >
0.0 r : T . 0.0 r : — ,
1 2 3 4 0 1 2 3 4
Time (h) Time {h})
0.9 0.7 -
K2 1%Ni Soda 1%Ni
0.8 0.6
* o6 2 05 1 o
- - = ®
E 0.5 E 04 U*//q‘
> ] > OH Q
- 04 g 03 . C.,
= 0.3 = OH
g 02 g 02 Z
o [ o
0.1 0.1 o
0.0+ 0.0 ] T
1 2 3 4
Time (h) Time {h)

Figure 15. Main monomers as a function of conversion time (different lignins, Ni/C, conversion at 250°C,
ethanol, H»)

For all lignins, alkene phenols are first formed probably by C-C bonds cracking and then hydrogenated.
Alkyl guaiacols are progressively formed for all lignins. K3 and K1 lignins present similar patterns for the
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monomer formation profiles with a progressive increase in propylguaiacol. This major compound is

related to their higher guaiacyl content. Soda and K2 lignins exhibit a different behaviour than K3 and K1

producing more syringyl monomers. The carboxylic acid side chain in the homosyringic acid is

progressively formed for K2 and Soda lignins. Its mechanism of formation is still unclear.

Our main findings concerning the effect of lignin structure on the depolymerization mechanisms and

products are summarized in figure 106.

Lignin structure
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Figure 16. Simplified mechanism of technical lignins depolymerization under supercritical ethanol

highlighting the effects of lignin structures (with Ni/C catalyst)

We have shown that:

1)
2)

3)
4)

The monomers yield is not related to the cleavage of B-O-4 bonds for such condensed lignins;
The S/G ratio in monomers is very well related to the S/G ratio of the lignins implying that
methoxyl groups are mostly stable under our conditions;

Char yield seems to be reduced for higher S/G ratio lignins;

The oligomeric pool is still predominant for all lignins with a global similar molecular weight (Mw
~800 Da) but with different behaviours between lignins (maybe related to different aliphatic
contents).

4. Conclusion

The main results of this work are the followings:

1)

3 commercial catalysts (Ni, Ru, Pt/C) were characterized before and after lignin depolymetization
by N2 sorption, XRD, TEM and SEM. They all present an important plugging of pores with a
deposit of a lignin-based carbonaceous over the catalyst particles. Therefore, cheap catalysts and
with large pores must be looked for to depolymerize lignin. For instance, the as-produced lignin

char may be an interesting support for low cost metals (like iron)!s.

2) The 3 catalysts promote significantly the production of monomers and notably of propyl-guaiacol.

They promote the hydrogenation of the side chains of the monomers. But the monomer yields

are still low (<5wt.%) for all catalysts.
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3) An important oligomeric pool dominates the composition of the liquids (as analyzed by UV
fluorescence and GPC analysis) for all conditions.

4) All our technical lignins present a highly condensed structure with a low content in ether bonds.
The relation between -O-4 bonds cleavage and monomer yields established by previous studies
(on a larger range of ether bond contents) does not perform for these technical lignins (under our
conditions).

5) Important differences between lignins are evidenced on the formation profile of some monomers
and notably on syringyl/guaiacyl species which are well related to the S/G ratio of lignins (as
analyzed by NMR).

Concerning the perspectives of this work, the monomers yields should be increased by keeping a
manageable pressure for industrial reactors (~ 100 Bars limiting the temperature to about 250°C for
supercritical ethanol). More efficient and low cost catalysts must be looked for to promote monomers.
Alternatively, other solvents than ethanol could be used. For instance, the as-produced lignin oil (as in the
Noguchi process) could act as an internal solvent and capping agent. It enables higher temperature to
better activate C-C bond cleavage but by keeping a global liquid state in the reactor, which is favourable to
promote H-transfers.

Considering the high recalcitrance of the technical lignins, the target for pulp mills could be to quest
profitable and complementary markets for the 3 main products of lignin depolymerization: monomers,

oligomers and char.

5. Supporting information

The supporting information file presents: 1) literature review; 2) lignin precipitation from black liquor; 3)
characterization of lignins (GPC, NMR); 4) characterization of catalysts (SEM/EDx, XRD, potes
distribution); 5) analysis of liquids (methods and more detailed results for GC/MS and UV fluorescence

spectra).
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