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ARTICLE INFO ABSTRACT

Keywords: Reductive depolymerization of lignin-containing stillage (LA lignin) from 2nd generation bioethanol industrial
Lignin plants have been studied over two different families of catalysts: conventional porous Ru catalysts supported on
HS_’dmgeﬂOlYSiS ZrO, or activated carbon, and 1-dimensional Ru catalysts supported on multi-walled carbon nanotubes
Stlll;ge b (MWCNT). The lignin depolymerization degree using conventional porous catalysts resulted in values of 42 and
Carbon nalfom_ ©s 53%, for Ru/ZrO, and Ru/C, respectively. Strikingly, when using 1D-supported catalysts (Ru/MWCNT and Ru/
Depolymerization

ZrO,/MWCNT), the extent of lignin depolymerization measured by '"H—'3C HSQC NMR, reached values of c.a.
80% of 3-O-4 bond disappearance and a reduction of the average molecular weight from 3600 Da to ~ 1900 Da.
The higher accessibility of the lignin agglomerates to the 1-D catalyst nanoparticles substantially improves the
lignin depolymerization degree, which make this approach of great interest in the production of fine chemicals

1-D catalyst

and fuel additives.

1. Introduction

The processing of lignocellulosic residues for producing bioethanol
implies the treatment of biomass with microorganisms that transform
two of its main fractions, cellulose and hemicellulose, into ethanol by
fermentation [1]. A major challenge that remains unsolved, however, is
the valorization of the lignin fraction, which is the most abundant
natural source of aromatics. In many cases, lignin is obtained as a by-
product that is used in biomass-boilers to generate heat [2,3]. None-
theless, this approach has significant limitations, as lignin boilers are
expensive and the energy content of this material is significantly lower
than that of natural gas [4]. Additionally, the volume of lignin residue
that will be produced readily exceeds the energy requirements of the
biorefinery, complicating its utilization as energy source, unless elec-
tricity is generated and transferred to the electrical grid [5].

To date, significant efforts have been made in the development of
homogeneous and heterogeneous catalysts for the valorization of lignin,
most of them focused on the activation of the C—O bond [6-19]. Among
the several ether bonds present in lignin, -O-4 linkage is the most
abundant and thus many studies have focused on the dissociation of
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such bond [20-23]. One major limitation of these approaches is the
underestimation of the mass transport phenomena. It is well known that
the driving force that determines the reaction rate is given by ther-
modynamic properties, such as chemical affinity, chemical potential, or
activity [24,25]. Thus, when mass-transport effects, solvent competitive
absorption, solvation of kinetically relevant reaction intermediates or
catalyst deactivation are present, the system is not controlled by the
surface reaction [26,27]. As a result, the basic knowledge on selective
scission of C—O bonds of lignin model compounds becomes insufficient
when scale-up is required, as mass transport and solvent-driven effects
(deactivation and solvation) govern the kinetics of the process. In this
sense, when comparing the particle size of globular lignin agglomerates
(0.1 to 2um) with, for example, the pore size of activated carbon
(2-50 nm) in which the active sites are located (e. g. metal clusters of
1-3nm), it is obvious that most the catalyst surface is not being em-
ployed in the primary depolymerization steps. As a result, only the
catalyst supported on the external surface will participate in the reac-
tion, reducing the catalyst utilization dramatically in high-surface area
supports. The remaining fraction of the catalyst will only catalyze
secondary reactions of the dimers and trimers molecules that can
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diffuse through the pores [28]. In contrast, homogeneous catalysts can
readily reach most of the lignin C—O bonds with minimum mass
transport limitations. However, the deactivation in aqueous environ-
ments and efficient recovery of these catalysts is a major challenge
[29]. Thus, the development of new technologies that can combine the
high stability and scalability of heterogeneous catalysts with the en-
hanced accessibility and chemical specificity of the homogeneous
homologous could enable the industrial refining of lignin-streams in
second generation biorefineries and paper-mill industries.

The present study is aimed at the development of one-dimensional
(1D) catalytic materials that can penetrate the intricate lignin structure
of industrially produced biomass stillage to activate the aryl-ether
bonds for selective depolymerization. The concept is to use flexible one-
dimensional materials as support for catalytic functionalities (metal
nanoparticles) that can accomplish the hydrogenolysis of the linkage
bonds in lignin. For this purpose, purified multi-walled carbon nano-
tubes (MWCNT) were selected as 1D support for Ru nanoparticles.
Benchmarking of the Ru-based catalysts was performed to assess the
effectiveness of the concept. The data from the reaction experiments
was coupled with detailed characterization of the chemical and phy-
sical structure of the lignin-containing stillage to understand the un-
derlying mechanism of reductive depolymerization.

2. Materials and methods
2.1. Lignin-containing stillage

The raw material used in catalytic depolymerization experiments
was the solid obtained from the filtration of stillage from 2nd genera-
tion bioethanol production, referred as LA lignin. Stillage from 2nd
generation bioethanol was provided by Abengoa Bioenergy. This stream
consists of a heterogeneous mixture of suspended solids and partially
solubilized organic matter in water. The process employed from which
these samples are obtained can be found in several US Patents [30,31].
The feed was filtrated to obtain a solid residue also known as “cake”
and the filtrate. The cake was dried and the solid recovered in such way
was denoted as LA lignin.

2.2. Catalyst preparation and characterization

Materials acting as catalyst supports were either commercial or
materials prepared or modified in the laboratory. Regarding commer-
cial materials, activated carbon (Activated Charcoal DARCO®, ~100
mesh particle size, Sigma-Aldrich) and purified multi-walled carbon
nanotubes (MWCNT-purified, kindly provided by SouthWest
NanoTechnologies) were used. In addition, the following supports were
prepared in the laboratory: zirconium oxide and ZrO,/MWCNT. Other
high purity chemicals and reagents were used for preparing the cata-
lysts, which include the following: Zr(IV) oxynitrate hydrate 99%,
N,0,Zr.xH,0 (Sigma Aldrich), ammonia 28%, (VWR Chemicals), zir-
conium propoxide (C;,H»504Zr) at a 70 vol% solution in propanol
(Sigma-Aldrich), isopropanol (99.99% min. Purity, Sigma-Aldrich), and
RuCls, 45-55% Ru content (Sigma-Aldrich). Further details about the
preparation procedures of these catalysts can be found in the
Supplementary Information and in a previous work [32]. Textural
properties of some of these catalysts were analyzed by the following
techniques: N, physisorption and high-resolution transmission electron
microscopy (HRTEM). N, isotherms were determined at 77 K in an
ASAP 2020 system (Micromeritics).

2.3. Lignin characterization

Different techniques were used for characterizing the raw material:
elemental analysis, attenuated total reflectance infrared spectroscopy
(ATR-IR), two-dimensional heteronuclear single quantum coherence
spectroscopy (HSQC-2D), gel permeation chromatography (GPC),
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Klason determination of the lignin content, high-resolution transmis-
sion electron microscopy coupled with energy dispersive X-ray spec-
troscopy detector and electron energy loss spectroscopy (HRTEM-EDS-
EELS), and scanning electron microscopy coupled with energy dis-
persive X-ray spectroscopy (SEM-EDS).

ATR spectra of LA lignin solid samples were acquired in a Bruker
spectrometer, model VERTEX 70, equipped with a Platinum ATR
module. 2D-NMR was performed in DMSO-dg on acetylated samples
(acetylation procedure can be found on the Supplementary
Information), to avoid fractionation of the material before NMR ana-
lysis and to increase both the solubility and the chemical shift disper-
sion of the side chain units. The inverse detected "H—'3C correlation
spectra (HSQC) were measured at 25°C on a Bruker AVANCE III
700 MHz instrument equipped with a cryogenically cooled 5mmTCI
gradient probe with inverse geometry (proton coils closest to the
sample). HSQC experiments used Bruker's “hsqcetgpsisp2.2” pulse
program (adiabatic-pulsed version) with spectral widths of 5000 Hz
(from 10 to 0 ppm) and 20,843 Hz (from 165 to 0 ppm) for the 'H and
13C dimensions. As LA lignin was obtained from the stillage of 2nd
generation bioethanol production from corn stover, HSQC correlation
peaks were assigned mainly by comparing with the study by Min et al.
[33] on the structural changes of lignin and lignin-carbohydrate com-
plexes in corn stover, though other references were also considered
[34,35]. The degree of depolymerization was determined by gel per-
meation chromatography (modified Agilent 1260 Infinity).

The degree of depolymerization was determined by gel permeation
chromatography (GPC, Hewlet Packard, Ti Series 1050). The GPC
samples were prepared by dissolving 5mg of acetylated lignin in tet-
rahydrofuran (THF) and the solution was filtered through a 0.2 pm
syringe filter. The samples (20puL) were injected into three PLgel
7.5 X 300 mm columns connected in series using an isocratic profile
with THF as a mobile phase (1 mL/min) at 25 °C. The detection of the
products was performed using a UV detector at 260 = 40 nm.
Calibration of the signal was done using polystyrene standards (Agilent
S-L-10 with MW 162-20,000 g/mol).

HRTEM was carried out using a FEI Tecnai F30, operated at 300 kV
equipped with a Gatan CCD camera, an EDS (EDAX) detector and a
Gatan Tridiem Energy Filter for EELS characterization.

2.4. Reaction set-up

The laboratory-scale installation consisted of a high-pressure stain-
less-steel autoclave reactor equipped with a 50-mL teflon liner, a
pressure transducer or two manometers (one for pressures up to 10 bar,
the other for pressures up to 250 bar), a stainless-steel deposit for li-
quids, a thermocouple coupled to a temperature controller and a
magnetic stirrer. Catalytic depolymerization of LA lignin was carried
out by placing 50 mg of the desired catalyst inside the reactor vessel
together with 500 mg of the lignin. Then, 30 mL of methanol were
added to the reactor and it was subsequently sealed. A leak test was
carried out by pressurizing with N, up to 50 bar-g. The reactor was then
purged three times with H, to remove any Nj left in the medium and
then pressurized up to 25 bar using H,. The relative centrifugal force
was set to 4.55-g (750 rpm), and the temperature was increased from
room temperature up to 200 °C in 120 min. Once the target temperature
and pressure were reached (200 °C, 50 bar), the reaction time started.
After the desired time of reaction, the heating and the stirring were
stopped and the reactor was cooled down in an ice-cooled bath. When
the temperature was under 20 °C, the reactor was depressurized.

2.5. Product characterization

After reaction, 1 mL of the liquid product was taken and filtered,
using a syringe and a 45 pm syringe filter, and subsequently analyzed
by GC-MS (Agilent 7890 GC-system, model G3440A, equipped with a
5975C mass spectrometer detector. Column: Agilent HP5-ms, 0.250 mm
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inner diameter, 30 m long, 0.25 pm film thickness; or HP5, 0.320 mm
inner diameter, 30 m long, 0.25um film thickness) to identify the
products obtained. Then, the liquid product was also analyzed by GC-
FID (Agilent 7890 GC-system, model G3440A, equipped with a 5975C
flame ionization detector. Column: Agilent HP5) for quantification. The
rest of the reaction mixture was centrifuged and the liquid fraction was
collected in a flask. The solids were washed with methanol and ethyl
acetate, centrifuged again and the liquid obtained after centrifugation
was separated from the solids and added to the first liquid fraction
collected in the flask. The liquid fraction was concentrated by rotary
evaporation, eliminating methanol and ethyl acetate coming from re-
action medium and washing. The remaining organics in the flask were
weighed to quantify the mass of liquid products. The solids previously
separated were also collected in a flask and dried in a rotary evaporator
to eliminate any remaining solvent. The recovered solids were weighed,
and the mass obtained represented the solid products together with the
catalyst.

3. Results
3.1. Lignin characterization

Assessing the nanostructure of the stillage cake obtained from the
industrial conversion of corn stover to ethanol was performed using
HRTEM coupled with EDS (Supplementary Information). The material
is highly heterogeneous, composed of elongated agglomerates con-
nected by an amorphous film that resembles the structure of carbohy-
drates-lignin complexes [36]. Detailed characterization of the material
by energy dispersive X-ray spectroscopy confirmed the presence of Ca,
K, Si, Al, Ti, Fe, Mn, and Mg on the sample (Supplementary Informa-
tion). These elements were found in large dense clusters, which most
likely correspond to impurities and ash content in the biomass.

HSQC-2D spectra of acetylated LA lignin, together with the identi-
fication of relevant regions attributed to several substructures and types
of linkages in the LA lignin employed in this work has been recently
reported by our group [32]. Briefly, the regions corresponding to
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guaiacyl, syringyl, hydroxyphenyl units together with p-coumarate and
ferulate structures were identified (Fig. 1). Some regions denoting the
presence of methyl and methoxy groups can also be observed, attrib-
uted to the lignin structure itself and the acetylation step. The linkages
that bond these units were identified as B-ff or B-5, as well as (3-O-4
ether linkages. To determine the extent of depolymerization after cat-
alytic treatment of LA lignin, the regions corresponding to guaiacyl and
syringyl units were employed in combination with -O-4 linkages. By
using the integral areas of each functional group contribution, it was
possible to calculate the fraction of (3-O-4 bonds. Notably, the results
indicated that the raw material used in prior catalytic depolymerization
studies contained 46.6% of (3-O-4 bonds [32].

The compositional analysis of LA lignin showed that carbon, hy-
drogen, nitrogen, sulfur and oxygen concentrations were around 54, 6,
3, 0.4 and 38 wt%, respectively. Thus, it is possible to recognize that H,
O and S concentrations of LA lignin were close to those previously re-
ported for corn stover biomass [5,37,38]. However, the concentration
of carbon was slightly higher. This increase could be attributed to the
presence of highly aromatic structures of lignin, in agreement with
HSQC and ATR data that indicate the presence of aromatic structures
coupled, to some extent, via C-O-C bonds. Further indication of this is
the Klason analysis of LA lignin, which showed that 58.8% of the stil-
lage cake obtained from the cellulosic bioethanol production process is
composed of lignin-like material.

3.2. Lignin reductive depolymerization

Different catalytic materials were studied for the depolymerization
of LA lignin. The reactions were carried out at the following conditions:
4h, 200 °C, 750 rpm, and 50 bar of H,. The selected catalytic materials
included: 5% Ru/ZrO,, 5wt% Ru/C, 5% Ru/MWCNT, and 5% Ru/
ZrO3/MWCNT.

The results obtained in preliminary tests indicated that on methanol
reflux at 160 °C it was possible to reach 20% yield to liquids. The use of
high temperatures (200 °C) increased the liquid yield to 38 and 48% in
the absence of catalysts using N, or H, atmospheres, respectively. Using
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Fig. 1. HSQC-2D NMR of acetylated LA lignin indicating the different types of chemical bonds and monomers present in the system.
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Fig. 2. Selectivity and mass balance of the organic soluble and solid products obtained
after reaction LA lignin on different catalysts compared with the control (no catalyst) and
LA lignin treated in methanol reflux at room pressure and 160 °C. Carbon mass balance
was above 90 wt% in all the experiments.

5% Ru/C as catalyst for the reaction in H, the liquid yield increased to
55%, which is a small increase in the liquid yield. The high liquid yields
observed using only methanol in N, and H, could be associated to ei-
ther solvent-driven depolymerization or solvation of the polymers [39].
The yields to the corresponding solid and liquid products obtained in
the catalytic tests are shown in Fig. 2.

The organic soluble selectivity obtained when the LA lignin was
treated only in methanol in a reflux at 160 °C was rather significant,
reaching 30 wt% after 4 h. This value increased up to 51% when the LA
lignin was treated at 200 °C and 30 bar of H, in the absence of catalyst
(control run). Upon the addition of catalyst, the organic soluble se-
lectivity increased in all the experiments, reaching values above 57%.
In terms of yield, Ru/C and Ru/ZrO, showed the highest productivities
with values of 60 and 70 wt%, respectively, which are reasonably
higher than the value obtained in the control experiment (55 wt%).
While the presence of these catalysts seemed to favor the production of
organic soluble products, the product yields were not substantially in-
creased. Similar observations were reported by Anderson et al. [28]
when treating corn stover in methanol under 30 bar of H, using Ni
catalyst supported on carbon to perform the reductive fractionation of
biomass. They observed a yield of 50 wt% to organic soluble oil after
reaction using only activated carbon (i.e. control experiment).

5% Ru/MWCNT and 5% Ru/ZrO,/MWCNT were used as catalysts to
investigate the effect of catalyst shape on the reductive depolymeriza-
tion of lignin. Both catalysts yielded similar results when referring to
organic soluble and solid products (Fig. 2). Liquid yield increased from
51 wt% in the control experiment, to 68 and 61 wt% for Ru/MWCNT
and Ru/ZrO,/MWCNT, respectively. While the results were in the same
range of values obtained with conventional porous catalysts, the pro-
duct distribution and extent of depolymerization of (3-O-4 bonds were
substantially different.

To determine the extent of depolymerization, the solids obtained
after reaction were analyzed by 2D NMR (Fig. 3). The characterization
by "H—'3C HSQC NMR of these samples was centered at the region of
4.5 to 8.5ppm (*H) and 155 to 65 ppm (*3C). Here, it is possible to
identify an intense peak at 6.6 to 7.4 ppm (*H) and 120 to 125 ppm
(*3C) assigned to guaiacyl. A lower intensity peak for guaiacyl was
detected in the region of 6.2 to 6.6 ppm (*H) and 115 to 120 ppm (*3C).
The hydroxyphenyl peak was centered in the region of 6.6 to 7.0 ppm
(*H) and 125 to 130 ppm (*3C). The chemical shifts at 7.2 to 7.4 ppm
(*H) and 125 to 130 ppm (*3C) were assigned to p-coumarate. Also, the
peak in the region 7.4 to 7.6 ppm (*H) and 145 ppm (*3C) was assigned
to p-coumarate. Ferulate was identified in the region 8.4 to 8.8 ppm
(*H) and 145 to 155 ppm (*3C). The characteristic ether bonds detected
were 3-0-4 and (-o-f’. The former was observed in the region of 4.8 to
5.4ppm (*H) and 65 to 75 ppm (*3C). The latter was detected in two
regions. The chemical shifts at 4.5 to 4.7 ppm (*H) and 65 to 70 ppm
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Fig. 3. 2D-NMR of acetylated LA lignin after 4 h of reaction at 200 °C and 50 bar of H, in
methanol on Ru/ZrO, (a), Ru/C (b), and Ru/MWCNT (c) catalysts.

(*3C) and the region of 4.5 to 4.7 ppm (*H) and 75 to 80 ppm (13C).
Notably, in all the samples most of these peaks were observed. How-
ever, the relative abundance of these signals was rather different. In this
way, it was possible to determine the relative concentration of (3-O-4
ether bonds in the samples.

The extent of 3-O-4 disappearance was calculated using the change
on the relative abundance of 3-O-4 bond of LA lignin after the reaction
(Table 1). It was previously shown that by treating lignin in N5 or Hy
without the catalyst (reflux in methanol and control samples), the (3-O-4
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Table 1

Relative abundance of B-o0-4, B-5 and B-f’ on the C9 units and extent of linkage dis-
appearance obtained from 2D-NMR spectra integration of acetylated solids after reductive
depolymerization.

Experiment Relative abundance (%)/Cq % disappearance
p-0-4 B-5 BB po-4  B5 B

LA lignin 46.6 11.9 3.0 -

Ru/C 21.9 8.9 2.4 53% 26%  20%

Ru/ZrO, 27.1 10.7 2.9 42% 10% 4%

Ru/MWCNT 12.0 3.2 1.9 74% 73% 37%

Ru/ZrO,/MWCNT 9.9 2.3 1.1 79% 81% 63%

depolymerization was only 7.4 and 10.3%, respectively [32]. While the
solvation in methanol media was rather favorable as shown by the high
liquid yields obtained in the reflux and control experiments (Fig. 2), the
depolymerization of 3-O-4 ether bonds was limited. In sharp contrast,
the B-O-4 disappearance was 53% for the lignin solids after reaction in
5 wt% Ru/C. By using Ru/ZrO,, it was possible to achieve a degree of
depolymerization of (3-O-4 ether bonds of 42%. This indicated that
using heterogeneous catalysts it is possible to reach a 5-fold increase in
the depolymerization of the LA lignin 3-O-4 bonds.

Interestingly, it was observed that (3-O-4 linkages in the sample after
reaction with Ru/MWCNT accounted for around 12%, which means a
reduction of ca. 74% when compared to the acetylated sample before
reaction. This result indicates that supporting the catalyst in 1D nano-
material enhanced the hydrogenolytic cleavage of the (3-O-4 linkages in
the lignin. Moreover, when the selected catalyst was Ru/ZrO,/MWCNT,
the percentage of bond disappearance of the target bonds increased up
to 79%. This represents a 60% increase in the extent of depolymer-
ization. Notably, the relative abundance of -5 and fB-f linkages in
lignin also changed after reaction. Initially, the 3-5 and (-f linkages
represented 11.9 and 3%, respectively. Upon reaction on Ru catalyst
supported on carbon (Ru/C), these values decreased to 8.9 and 2.4%,
respectively. The disappearance of B-5 and -f linkages in the solids
after reaction increased significantly when Ru was supported on 1D
carbon materials. For instance, when Ru/ZrO,/MWCNT was used the
disappearance of 3-5 and (3-B linkages reached values of 81 and 63%,
respectively.

The high accessibility of the metal clusters to the lignin macro-
molecules could be the reason for this improvement in the depoly-
merization of lignin. In terms of surface area, Ru/MWCNT and Ru/
ZrO,/MWCNT have smaller surface areas than the activated carbon
counterparts (300 vs 800 mz/g). Most of the surface area of activated
carbon, however, comes from its microporous structure (pore size <
2 nm), which limits the diffusion of lignin macromolecules. In contrast,
the surface area of MWCNT could be divided in two contributions, the
microporous surface corresponding to the inside of hollow multi-walled
carbon nanotubes and the external surface area of the tubes. The latter
will be rather accessible for the lignin polymers and oligomers. This in
turn, resulted in a higher depolymerization activity.

The extent of depolymerization obtained by 'H—'3C HSQC NMR
was corroborated by the change in molecular weight distribution of the
acetylated solids after reaction (Fig. 4). The molecular weight dis-
tribution of pristine LA lignin had four main features centered at 158,
300, 2300, and 8600 Da. That could correspond to monomers, dimers,
oligomers, and large polymers. The average molecular weight of LA
lignin before reaction was 3663 Da, with a polydispersion of 3.4. The
addition of catalysts significantly reduced the intensity of the peak at
the high molecular weight region (~8600 Da). In turn, new peaks at
lower molecular weight region appeared, which are indicative of the
reduction of molecular weight of LA lignin. The average molecular
weight of the solids progressively decreased from 3663 Da to 2137 Da
for Ru/C catalysts, respectively. In sharp contrast, the treatment of LA
lignin in reflux at 160 °C drastically increased the average molecular
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Fig. 4. Molecular weight distribution for the LA lignin depolymerization in reflux and
over different catalysts at 200 °C, 50 bar of H,.

weight, reaching 5083 Da. It is possible that in the presence of oxygen
the coupling reactions of lignin oligomers to form larger polymeric
structures were accelerated, explaining the increase in molecular
weight. The high reactivity of lignin-containing oligomers has been
previously reported [28].

The lowest molecular weight was obtained for Ru/MWCNT
(~1900 Da). The number molecular weight (Mn) was around 1000 Da
for all the samples, indicating that on fresh and depolymerized lignin
the distribution of molecular weights is significantly broad. This ob-
servation was in line with high polydispersity values (between 2 and 3).
While there are significant limitations in the use of gel permeation
chromatography for the calculation of exact molecular weights of lignin
samples, the trends observed here undoubtedly indicate the following;
1) addition of catalyst remarkably changed the molecular structure of
lignin, and 2) catalyst micro-structure affects markedly the extent of
depolymerization.

The GC-MS analysis of the samples showed a wide range of products
(see Supplementary Information). Total concentration of detected
compounds for each sample was calculated, obtaining the following
results: 50.8 (Ru/Zr0,), and 55.5 (Ru/C), 36 (Ru/MWCNT) and 35 (Ru/
ZrO,/MWCNT) g/L. The large fraction of unknown organic soluble
products could be attributed to the formation oligomers dissolved in the
liquid phase, which could have accounted for up to 80 wt% of total
liquid products. As shown in Table 2, the product distribution was di-
vided in four categories based on their molecular structure. The satu-
rated monomers included the monomeric aromatic molecules with no
unsaturated functionalities (toluene, benzene, phenol, 4-ethylphenol, 4-
ethyl-2-methoxyphenol, 2,3-dihydrobenzofuran, o-methoxy-alfa-me-
thylbenzyl alcohol, mandelic acid, methyl(3,4-dimethoxyphenyl)
(hdroxy)acetate, methyl p-hydroxyhydrocinnamate, ethyl homo-
vanillate). The unsaturated monomers included the aromatic com-
pounds with unsaturated functional groups (trans-isoeugenol, 6-meth-
oxyeugenol, methyl p-coumarate, methyl ferulate, 2-propenoic acid-3-

Table 2
Product distribution (wt%) obtained after 4 h of reductive depolymerization of lignin-
containing stillage (LA lignin) at 200 °C and 30 bar of H, and 750 rpm.

Products Catalysts

Ru/C Ru/MWCNT Ru/ZrO,/MWCNT

10%
6%
0%
4%
79%

8%
5%
0%
0%
87%

7%
4%
1%
3%
86%

Saturated monomers
Unsaturated monomers
Fatty acid esters

Lactic acid byproducts
Unknown
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(4-hydroxy-3-methoxyphenyl)-methyl ester). The fatty acid esters
grouped the long chain esters that were detected in the product mixture
after reaction (hexadecanoic acid methyl ester, hexadecanoic acid ethyl
ester). Lactic acid byproducts included only lactic acid methyl ester.

Notably, the concentration of the detected compounds by GC-FID
indicated that on Ru/MWCNT and Ru/ZrO,/MWCNT a smaller con-
centration of products was obtained compared to conventional Ru/C
(Table 2). Hence, the use of 1D catalytic materials favored the depo-
lymerization of the 3-O-4 linkages in LA lignin but, in turn, the yield to
GC-detectable compounds was decreased. This seems to indicate that
1D structures favor the interaction of the active metal sites with bulk
lignin, but further depolymerization of oligomers in the liquid phase
occurred easily when conventional catalysts were used. Notably, the
ratio of saturated to unsaturated monomers was nearly constant (c.a.
1.3 to 1.7) for conventional and 1D catalysts. This indicates that se-
lectivity of the reaction is independent of the catalyst topology and
chemistry.

According to STEM images of the catalysts (see Supplementary
Information), Ru deposited in MWCNT presented a mean particle size of
2.6 nm, whereas the mean pore diameter of the internal channels of
MWCNT is in the 4 nm range. This could have caused that some of the
metal particles were deposited inside the nanotubes channels, and thus
being inaccessible for lignin aggregates and oligomers for reaction.
Conversely, in ZrO,/MWCNT the impregnation of ZrO, onto the na-
notubes could have caused the blockage of some of these pores, or the
reduction of their channel diameter. The reduction of BET area ob-
served for this catalyst (31 m?/g) when compared to 5% Ru/MWCNT
(301 m?/g) seems to support this. Thus, if the internal channels of the
MWCNT are blocked to some extent, more active metal will be de-
posited onto the surface of the material during impregnation.
Consequently, more active metal sites will be accessible for bulk lignin
depolymerization and for the oligomers to undergo further reaction.

4. Discussion

Industrial lignin-containing stillage possesses a significant con-
centration of lignin macromolecules with a high concentration of 3-O-4
ether bonds (47%) that connected individual aromatic units of the
polymer. As shown in Scheme 1, to effectively breakdown the structure

Lignin

&

Solvolysis

Lactic acid
o
[}
\%OH Esterification | _
MeoRy o
OH oH
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(Degraded proteins)

o
Il —
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X

/ l Repolymerization

Insoluble lignin-
polymers
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of the lignin it is necessary to access individual C—O bonds and activate
the hydrogenolytic scission selectively. This in turn will generate oli-
gomers and low molecular weight molecules that can undergo further
hydrogenation. In parallel, these macromolecules could undergo sol-
volysis in methanol [40-47]. This will lead to the formation of un-
saturated oligomers and monomers that can undergo rapid re-
polymerization if the highly reactive functionalities of the aromatic
molecules are not promptly passivated [28]. The results herein reported
indicated that in the presence of catalyst and reductive environment the
lignin-containing stillage can be effectively transformed into mono-
meric and oligomeric products. The yield of organic products and de-
tectable monomers in the GC-MS showed significant improvements
compared to the control experiments, which clearly indicates that the
utilization of catalysts improved the product yield. However, the use of
different catalysts had very little effect on the productivity and se-
lectivity on the reductive depolymerization in the liquid phase. This
could be associated to mass transport limitations, where the catalyst is
not participating directly on the activation of C—O ether linkages of the
LA lignin [15,16,48]. Alternatively, it could be possible that a sig-
nificant fraction of the catalytic activity observed takes place in the
homogeneous phase. For instance, highly reducing species formed on
the catalyst surface could be rapidly desorbed and diffused to the re-
action media to unselectively attack the lignin polymers. However,
2D-NMR data showed that in fact the depolymerization process was
selective. In the presence of catalysts, the disappearance of -O-4 lin-
kages was markedly enhanced and no other hydrogenation products
were observed. Therefore, one could state that this process was not
random, like radical reactions, but concerted. Thus, the catalysts cata-
lyzed the selective C—O cleavage by hydrogenolysis. Interestingly, the
extent of hydrogenolysis was sensitive to the shape of the catalyst
support. When Ru was supported on 1D materials (e.g MWCNT and
ZrO,/MWCNT) the disappearance of B-O-4 linkages increased to
75-80%, compared to the 50% achieved using Ru/C and 20% observed
in the control experiment. This enhancement could be attributed to the
higher accessibility of the catalysts as the metal clusters are directly
exposed to the reaction media, instead of being confined inside the
microporous structure of the catalyst.

While the higher disappearance of C—O ether bonds should result in
an increase on organic soluble yield and monomers concentration, it

Soluble lignin-
oligomers

Reduced monomers
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Scheme 1. Reaction scheme for the reductive depolymerization of lignin-containing stillage derived from cellulosic bioethanol process.
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could be possible that after C—O hydrogenolysis lignin fragments could
undergo repolymerization on the reaction media. The reflux experiment
in methanol showed that in the presence of oxygen at mild tempera-
tures it is possible to repolymerize the lignin oligomers and monomers
to form high-molecular weight polymers. It could be proposed that as
the reaction proceeds the concentration of lignin-oligomers increases,
which in turn favors the undesired recombination of lignin. This will
lead to asymptotic yields of liquid products and possible catalyst fouling
due to carbon deposition. Alternatively, it is possible that as the LA
lignin macromolecular structure is being depolymerized, the products
of the reaction reabsorb on the catalyst surface blocking the active sites.
These effects can be substantially accelerated on the 1D catalyst as its
highly accessible surface will facilitate the diffusion and adsorption of
large lignin macromolecules and oligomers. Multiple-site chemisorp-
tion, Van der Waals dispersion forces, and hydrogen bonding interac-
tions between MWCNT and lignin polymers could further increase the
catalyst deactivation. This could explain the greater extent of depoly-
merization of 3-O-4 and lower molecular weight observed in the lignin
after reaction, accompanied by a lower concentration of organic soluble
products. Thus, it can be envisioned that optimization of the catalyst-
lignin interaction and increasing the accessibility of the catalyst could
drastically improve the liquid yields and monomers productivity.

5. Conclusions

In this work, we have studied the conversion of industrial lignin-
containing stillage derived from 2nd generation ethanol plants. This is a
rich-lignin solid with a high concentration of B-O-4 ether bonds (47%),
which conversion has been our main target in this study. By developing
1-dimensional catalysts we have been able to significantly improve (up
to 80%) the disappearance of these linkages, in comparison to con-
ventional catalysts. This enhancement in lignin depolymerisation,
boosted mainly by the better accessibility of the lignin macromolecules
to the catalyst active sites, may be a starting point to develop future
technologies aimed at converting lignin into added value chemicals,
such as fuel additives.
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