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Abstract

One-pot depolymerisation of lignin, extracted from Miscanthus plants under acidic (formic
acid lignin, FAL) or basic conditions (ammonia lignin, AL), over Ni and/or Nb-doped SBA-
15, was the subject of this study. The acid catalysts aforementioned prepared by sol-gel method
were characterized by SEM-EDX, ATR-FTIR, Raman, XRD, N2 adsorption/desorption
isotherms and NH3-TPD techniques. The increase in acidity due to the insertion of Nb into
SBA-15 structure promoted the selective cleavage of f-O-4 and C-C bonds from ammonia
lignin leading to aromatic monomer yields up to 22 wt. % in 6h at 180 °C under 50 atm Ho.
The catalytic performances of Ni-Nb-SBA-15 as well as its stability were influenced by the

chemical composition of the lignin sample as results of its extraction from Miscanthus plant.

1 Introduction

Lignocellulose represents the highest inedible renewable organic carbon resource with
a yearly supply of approximately 200 billion tons [1]. Lignocellulosic materials mainly
contains semi-crystalline polysaccharide cellulose (38-50%), amorphous polysaccharide
hemicellulose (23—32%), and amorphous phenylpropanoid polymer lignin (15-25%) [2]. The
lignin shows a very complex three-dimensional molecular structure composed by three

monomers namely guaiacyl alcohol (G unit), syringyl alcohol (S unit) and p-coumaryl alcohol
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(H unit) linked between each other by C-C or C-O ether bonds forming -O-4, a-O-4, B-B, 5—
5 and B-1 linkages. A wide range of lower molecular weight aromatic compounds can
strategically be obtained from lignin valorization via/by the selective cleavage of these interunit
linkages [3].

In the past decade the valorization of lignin was subjected to several processes which
includes hydrogenolysis [4-6], oxidation [7], hydrolysis [8] and pyrolysis [9]. From the per-
spective of atom economy, hydrogenolysis was widely known for the production of aromatics
from lignin [10]. Generally, heterogeneous catalysts based on transition metals are utilized to
break the C-O linkage in lignin via interacting with hydrogen molecules. The prospective of
lignin valorization extends for both deoxygenated and oxygenated products[11]. The com-
pletely deoxygenated products via HDO can be used as a renewable fuel in the transportation
sector whereas a large variety of oxygenated products such as cyclohexa-none are used in the
production of adipic acid. The selective cleavage of C-C or C-O bonds from structure of lignin
as well as the reaction products distribution are influenced by the type of heterogeneous catalyst
tested [12]. Recently, A. McVeigh et al. reported that the activation of alkyl-aryl bonds from
lignin was more efficiently over rhodium than platinum catalyst [12]. The supported noble
metal catalysts such as gold [13], platinum [14], palladium [15] or ruthenium [16] showed
excellent performances in the hydrogenolysis of lignin to small molecules. Despite the superior
performance of noble metals, high cost and limited availability render their commercialization
unfeasable. On the other hand, cheap transition metal-based Ni catalysts show high activity for
C-0 bond cleavage as well as excellent chemoselectivity in aromatics production [17]. The
efficiency granted by the presence of precious metals upon depolymerisation of lignin into
aromatic monomers by cleavage of C-O bonds over NiM(noble metal) bimetallic catalysts was
also reported [18].

The activation of C-O bond in lignin conversion is also influenced by the presence of
Bronsted and Lewis acids sites. Y. Shao ef al. reported the influence of some acid oxides such
as Nb20s, ZrOz, Al203 and TiOz2 on the cleavage of C-O bond from pristine phenol. Thus, the
disassociation energies for the C—O bond of adsorbed phenoxide decreased, from 5.76 to 4.41
eV on Nb20s. Therefore, the Nb2Os species can carry out both a strong adsorption of phenol
and thereby reducing the dissociation energy for C—O bonds [19]. The higher efficiency of
Nb20s support (Au/Nb20s) compared with those aforementioned was highlighted by L. Dong
et al. in the hydrodeoxygenation of lignin oil to valuable phenolics, in water, where a combi-
nation among the strong acidic sites, negatively charged Au clusters and the activation of the

C—O bonds on NbOx species led to the yields of phenolics of 66.3 wt% from lignin oil [20].



The role of the acidity in the depolymerisation process of the lignin was highlighted by the use
of Ni supported on silicates which showed a high catalytic activity in the lignin hydrogenolysis
while the large surface area as well as the well-ordered pore structures of the of SBA-15 led to
a minimization of the repolymerization [21]. The positive effect of mesostructured silica such
as SBA-15 or MCM-41 in the reduction of char yield during depolymerisation of lignin process
was also observed by Thepparat et al. [22].

Recently, W. Song et al. reported the efficiency of Ni-NbOx sites, obtained by support-
ing of N1 on Nb20s in the hydrodeoxygenation of lignin-derived phenols to alcohols in aqueous
phase [23].

In light of the above considerations, the aim of the present study was to investigate the
influence of the acid sites of the catalyst in the distribution of reaction products and selectivity
towards monomeric compounds achieved by the cleavage of C-O or C-C bonds between lignin
units. The interest in the production of the aromatic monomers from lignin is motivated by their
use in a wide range of the synthesis such as pesticides and pharmaceutical products.[ Jean-
Michel Lavoie, Wadou Baré, Mathieu Bilodeau, Depolymerization of steam-treated lignin for
the production of green chemicals, Bioresource Technology,Volume 102, Issue 7, April 2011,
Pages 4917-4920].Herein, SBA-15 was used as support material due to its high surface area,
the mesoporous structure in combination with high hydrothermal stability. The promotion of
Nb and Ni over the supported SBA-15 was explored based on the state of art on lignin
depolymerization. Miscanthus x giganteus was used as a feedstock for the extraction of lignin
under acidic or basic conditions.

2. Experimental
2.1 Lignin extraction

The lignin tested in this study was extracted from Miscanthus x giganteus by soaking
lignocellulosic raw material in aqueous ammonia solution for 6 h, at 60 °C, in a water bath
(AL= ammonia lignin) or in formic acid/acetic acid/water mixture for 3 h at 107 °C (FAL=for-
mic acid lignin) [24]. The recovery of lignin from the obtained black liquor was carried out by
precipitation at pH=2 obtained either with sulfuric acid solution for AL or water for FAL, re-
spectively. The success of lignin extraction was evidenced by the presence of B-O-4 bonds or
aromatic C-O or C-C bonds in the structure of extracted material using NMR spectroscopy or
by characteristic signals of aromatic ring vibrations of the phenylpropane groups recorded by

FTIR spectroscopy [24].

2.2 Catalysts synthesis



All the chemicals included in this study were of reagent grade and purchased from
Sigma-Aldrich. Nonionic Triblock-Copolymer Pluronic Pi23 (EO20PO70EO20): Poly (ethylene
glycol)-block-Poly (propylene glycol)-block-Poly (ethylene glycol) and tetraethyl orthosilicate
(TEOS) were used as structure-directing agent and silica precursor, respectively. The other
chemicals used for the preparation of modified SBA-15 mesoporous silica were hydrochloric
acid (2M HCI aqueous solution) and Ni(NO3)2:6H20 and NbNC4H4-xH20 as Ni** and Nb>*
sources, respectively.

The mesoporous silica of SBA-15 type and metal ions containing SBA-15 materials
were synthesized according to a classical procedure by a nonionic templating route under acidic
conditions [25-28]. Two different metal ions (Ni*, Nb>*) were incorporated into SBA-15 silica
matrix by direct synthesis to prepare two M-SBA-15 catalysts, denoted as Ni-SBA-15 (Ni=5
wt.%) and Ni-Nb-SBA-15 (Si/Nb atomic ratio=40, Ni=5 wt.%), respectively.

Ni-SBA-15 synthesis

In a typical synthesis, 10 g of Pluronic P123 was first dissolved in 70 ml of distilled water
and 304 g of 2M HCI at 40°C for 4 h under stirring. Then, 21.4 g of TEOS was added to the
clear surfactant solution followed by the addition of an appropriate amount of nickel nitrate
dissolved in distilled water. The obtained reactants mixture was maintained at 40 °C for 20 h
under vigorous stirring. The molar composition of the resulting mixture (pH 0.5-1.0) was the
following: TEOS-P123-HCI-Ni-H20:1.0-0.17-5.72-0.05-193. The homogeneous synthesis mix-
ture was transferred into a polypropylene bottle and aged at 90°C for 48 h under static condi-
tions. The resulting material was then filtered off, thoroughly washed with distilled water and
dried in air at room temperature for 20 h. Finally, the as-synthesized material was calcined in

air at 550 °C for 8 h using a heating rate of 1°C/min. in order to remove the surfactant template.

Ni-Nb-SBA-15 synthesis

Ni-Nb-SBA-15 sample was synthesized by niobium ammonium oxalate-nickel nitrate
incorporation during the formation of mesostructured silica following the procedure described
above for the synthesis of Ni-SBA-15 sample. Aqueous solutions of required amounts of Nb>*
and Ni?>" precursors were incorporated into the reagents’ mixture (surfactant-silicate) after
TEOS was added. The obtained synthesis mixture (pH 0.5-1.0) had the following molar com-
position: TEOS-P123-HCI-Nb-Ni-H20:1.0-0.17-5.72-0.025-0.05-193. All the subsequent syn-
thesis steps were kept as described above according to Ni-SBA-15 synthesis.



2.3 Catalysts characterization

The adsorption-desorption isotherms were recorded on a micrometrics ASAP 2010
at -196 °C after outgassing the samples at 120 °C K for 3 h. The specific surface areas were
calculated using the BET method and the pore volumes were calculated from the corresponding
desorption isotherms. The pore size distributions were estimated using the Barrett, Joyner and
Halenda (BJH) algorithm using the built-in software from Micromeritics.

The XRD patterns were recorded using Bruker D8 Discover equipment (Bruker AXS,
Karlsruhe, Germany) (Cukar A= 1.5406 A), between 0.4 and 7° (20),

Total surface acidity of the catalysts was determined by means of the temperature-
programmed desorption method (TPD) on a BELCAT II instrument (MicrotracBEL Corp.).
For all acidity measurements, 5 % NH3 in He was used as a probe molecule. In a typical meas-
urement, about~50 mg of the sample was placed in an adsorption vessel and the sample was
evacuated at 550 °C for 2 h under He flow. Subsequently, the sample was cooled down to 50
°C, the catalyst was saturated with 5% NH3 in He for 0.5 h and subsequently flushed with He
at 100 °C for 1 h, to remove traces of physisorbed NHs, TPD was carried out from 100 to 450
°C, at a heating rate of 10 °C/min under He flow. After each measurement, the amount of
chemisorbed/desorbed NH3 was determined from the calibration curves obtained from varying
volumes of NH3 in He. The relative contribution of individual acid sites (weak, medium and
strong) was obtained by deconvolution of the TPD profiles using the inbuilt ChemMaster soft-
ware (version 1.4.19, MicrotracBEL), a multiple-Gaussian function was selected for fitting the
experimental TPD data. Further, for determining the strength of acid sites, the activation energy
(Ea) of NH3 desorption from the acid sites, were also calculated by performing NH3-TPD ex-
periments at different heating/desorption rates (5—30 °C/min) while keeping the sample mass
and inert gas flow rate constant.

The surface morphology and elemental composition of the catalytic materials were ex-
amined by field-emission scanning electron microscopy (FESEM, Carl Zeiss Merlin GmbH)
operating at 5 kV, equipped with energy-dispersive X-ray spectroscopy (EDS, Oxford Instru-
ments X-MAX 80 mm?).

FTIR measurements were done on a Vertex 70 Bruker FTIR spectrometer (USA),
equipped with an attenuated total reflectance (ATR) accessory. For each sample 32 scans were
registered in the ATR-FTIR mode, at room temperature and a resolution of 4 cm™! in 600—4000
cm ! wavenumber region.

Raman analysis was carried out using a Renishaw inVia Confocal Raman microscope

system. The excitation laser wavelength was 473 nm. The Raman spectra were acquired in the



extended spectral region from 100 to 3200 cm™. Raman studies were carried out under ambient

conditions and the region analyzed was from 100 to 900 cm™'.

2.4 Catalytic tests

Typical depolymerisation experiments were carried out in autoclave conditions using
0.5 g lignin and 0.1 or 0.3 g catalyst in 70 mL methanol, for 3 or 6 h, at 180 °C, under 50 bar of
H> and vigorous stirring. After reaction, the unreacted lignin was recovered by the
centrifugation of the mixture at 15.000 rpm for 10 min. The conversion of lignin to low

molecular weight compounds as well as the yield were was calculated using Eq. (1) and Eq.(2):

nm. —m
= — 1 100 0

Yield(%)= Selectivity (%)1350Conversion(%) (2)

Where: mi = mass of lignin introduced in reaction

mf=mass of lignin recovered after reaction

The catalyst was recycled for three consecutive runs. After the first run, the catalyst and
the remaining lignin were centrifuged and dried. Fresh lignin and methanol were added to the
initial mixture and used for the next run under similar conditions.

Analysis of the reaction products was performed by recording the high-resolution mass
spectra with an Ultraflex LDI-TOF-MS (matrix-assisted laser desorption/ionization- time of
flight-mass spectrometry) (Bruker Daltonic) operating in the reflector and linear positive or
negative mode using a pulsed nitrogen laser.

The peak average molecular mass distribution of lignin was evaluated by using a High-
Performance Size Exclusion Chromatography (HPSEC) with UV detection at 280 nm. The
system was composed of a Waters 2690 Alliance chromatograph, coupled to a Waters 996 UV
detector (both from Waters Corp., Milford, MA, USA), and equipped with a TSK-Gel PWxI
guard column and two TSKgel G3000PWXL columns (300 mm x 7.8 mm [.D.) in series (with
7 and then 6 um particle diameters, respectively) (Tosoh Bioscience, Tessenderlo, Belgium).

A polynomial calibration curve was established by using a range of narrow distribution
poly(4-styrenesulfonic acid) ammonium salt (PSS-Na) (Sigma-Aldrich, Diegem, Belgium)

with average molecular masses from 208 Da to 77.4 kDa. The eluent solution contained 6.9 g



NaH2PO4-H20 and 3.2 g NaOH in distilled water and the pH was adjusted to 12 with 6 M
NaOH. The flow rate was 0.9 mL/min, at a temperature of 30 °C. Before use, it was filtrated
over 0.45 um filter and sonicated for 15 min. PSS-Na and lignins were dissolved in a volume
of eluent, 1 mg/mL and 3 mg/mL, respectively. Before analyses, the lignin solutions were kept
under magnetic stirring during 48 h to ensure a complete dissolution, and filtered through a
0.45 pm MCE membrane prior to injection.

Analyses of phenolic compounds were carried by GC-MS, i.e. gas chromatography
(HP GC System 6890 Series) coupled to mass spectrometry (HP Mass Selective Detector 5973)
(Agilent Technologies, Diegem, Belgium). Separation was done on an Agilent J&Wcapillary
column (FactorFour VF-5 ms, 30 m % 0.25 mm ID, 0.25 pm film thickness). Helium was used
as carrier gas at a flow rate of 1 mL min™'. Injection chamber was set at 250 °C, and the
temperature program was 8 min at 40 °C, followed by a linear increase at 5 °C min™' to 250 °C
and then at 2 °C min™' to 300 °C which was maintained for 20 min. Compounds were detected

using a flame ionization detector at 320 °C.

3 Results and discussion
3.1 Catalysts characterization

The N2 adsorption-desorption isotherms as well as the textural characteristics of the
SBA-15 based materials prepared are presented in the Fig. 1 and Table 1, respectively. All
undoped or doped SBA-15 samples showed a Type IV hysteresis (Fig.1) characteristic for mes-
oporous materials with a cylindrical pore geometry [29]. The morphology of SBA-15 was sta-
ble despite the deposition of Ni and Nb, as shown in Fig. 2. The porous nature of SBA-15
allows the deposition of Ni and Nb, as evidenced by the decrease in surface area and pore size.
Interestingly, a small decrement in surface area was observed after the deposition of Ni on
SBA-15. This can be attributed to the partial blockage of pores and channels of SBA-15. As
shown in Tabel 1, micropores of SBA-15 were preferentially occupied which led to a shift in
pore size distribution from 5.9 nm to 5.7 nm. On the other hand, the surface area decreased
drastically from 863 to 680 m?/g after the incorporation of Ni and Nb. Unlike Ni, the preferen-
tial deposition zone for Nb is on the outer surface of SBA-15. The smooth and bloated SBA-
15 as shown in Fig 2b reveals the deposition of Nb on the outer surface/edges of the SBA.
Overall pore size distribution of Ni/SBA-15 and Ni-Nb/SBA-15 still agrees with the mesopo-
rous nature of SBA-15. However, the hysteresis loop of modified SBA-15 is altered especially
in the case of NiNb/SBA-15.

Tabel 1 Textural characteristics of the investigated catalysts



Catalyst SsET SMicro SMicro/SBET Pore size

(m*/g) (m*/g) (“o) (nm)
SBA-15 863 131 15 5.9
Ni-SBA-15 783 95 12 5.5
Ni-Nb-SBA-15 680 78 11 5.7

Ni-Nb-SBA-15

Ni-SBA-15

SBA-15

Volume adsorbed(cm’g™)

o
(e
g
N
N
N
[=
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Fig. 1 N2 adsorption-desorption isotherms of doped and undoped SBA-15

The pristine morphology of SBA-15 is in a rod-like shape, as shown in Fig. 2a. The
particle size distribution ranged from 500 to 1200 nm. The incorporation of Ni and Nb into the
framework also gives a similar worm-like morphology as well as the breakage of rope-like
domains that might be due to distortion because of differences in bond length and bond angles
of Si-O-Ni and Si-O-Nb compared to Si-O-Si. The presence of Ni and Nb is also evidenced
from the EDX mapping as shown in Fig. 2. Unlike the impregnation technique, Ni and Nb
were deposited atomically during the synthesis protocols of SBA-15. Therefore, the EDX

analysis revealed slightly lower metal loading compared to theoretical metal loading.

Fig. 2 SEM images of a) SBA-15;b) Ni-Nb-SBA-15 and c¢) EDX for Ni-Nb-SBA-15



Low-angle XRD of the doped SBA-15 showed the diffraction lines at 26=0.90,1.50
and 1.70, characteristic for hexagonally ordered of a typically mesoporous SBA-15(Fig. S1)
[Michal Kruk and Mietek Jaroniec, Characterization of the Porous Structure of SBA-15, Chem.
Mater. 2000, 12, 1961-1968]. The insertion of Nb besides Ni into SBA-15 structure led to a
small shift towards higher angles of the position of the (100) plane (Fig. S1) which could be
due to a small disorder of the mesoporous structure [Monickarla Teixeira Pegado da Silva,
Felipe Fernandes Barbosa, Marco Antonio Morales Torre, Jhonny Villarroel-Rocha, Karim
Sapag, Sibele B. C. Pergher and Tiago Pinheiro Braga, Synthesis of Fe2Si04-Fe7Co3
Nanocomposite Dispersed in the Mesoporous SBA-15: Application as Magnetically Separable
Adsorbent, Molecules 2020, 25, 1016]

ATR-FTIR spectra of the doped and undoped SBA-15 are depicted in Fig. 3. The
characteristics IR band of SBA-15 are highlighted at 1065, 962 and 807 cm™ respectively,
which correspond to Si-O-Si asymmetrical stretching, SiO4 tetrahedron ring and Si—OH
stretching [30], respectively and these were also noticed in doped SBA-15. However, a
significant decrease in the intensity of Si-O-Si absorption band at 1065 cm™! was observed. This
decrease could be correlated with the formation of new bonds Si-O-Ni or/and Si-O-Nb, as
shown in Fig. 3. The EDX mapping and SEM images further support the interaction of Ni and
Nb with SBA-15.

0.10

0.08

0.0g

Intensity, a.u.

0.04

0.02

Wavenumber, cm™

Fig. 3 ATR-FTIR spectra for: a)SBA-15; b) Ni-SBA-15 and c¢) Ni-Nb-SBA-15

Different surface metal oxides can be identified from Raman spectroscopy which is a
powerful tool to get insights into the structure and bond of metal oxides [31]. The Raman bands
at 573 and 647 cm™! are assigned to distorted NbOs octahedra while the band at 815 cm™ could
correspond to both regular tetrahedral NbOs structures [32] and Ni-Nb-O bond [33] (Fig. 4).



Furthermore the degree of distortion of octahedral NbOs can lead to weak Bronsted acidity
(slightly distorted octahedral NbOg) or strong Lewis acidity (highly distorted octahedral NbOe

species with Nb=0 bond ) [34].
50
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Fig. 4 Raman spectra for a) Ni-SBA-15 and b) Ni-Nb-SBA-15
The NH3-TPD measurements of doped and undoped SBA-15 materials show the
presence of acidic sites with varying strengths. The broad distribution of desorption from 100

°C to 550 °C showed also the presence of acidic sites with weak (100 °C-200 °C), medium (200
“C-400 °C) and strong (> 400 “C) strengths (Fig. 5).
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Fig. 5 NH3-TPD profiles for a) Ni-SBA-15 and b) Ni-Nb-SBA-15

The insertion of Nb into SBA-15 structure led to an increase in moderate acid sites

concentration from 52 (for Ni-SBA-15) to 102 pmol/g (for Ni-Nb-SBA-15) (Tabel 2) .

Table 2 Total amount and density of acid sites for doped SBA-15



Catalyst Total amount of acid sites Acidic sites density

(umol/g) (umol/m?)
Ni-SBA-15 52 0.06
Ni-Nb-SBA-15 102 0.15

3.2 Catalytic behavior

The catalytic performances of the Nb doped/undoped Ni-SBA-15 in the depolymerisa-
tion of lignin extracted in acid or basic conditions were evaluated by several techniques such
as LDI-TOF-MS, HPCSEC and GC-MS.

In this work, LDI-TOF-MS measurements (recorded in both positive and negative ion
modes) were carried out to estimate the molecular weight distribution pattern of the constitutive
fragments due to a depolymerisation process of formic acid (FAL) and ammonia-lignin (AL)
extracted from Miscanthus x giganteus [24] over Ni-SBA-15 and Ni-Nb-SBA-15 catalysts.
However, the ionisation in the negative ion mode led to a higher quality spectra than those
corresponding to positive ion mode and we decided to use these spectra in order to estimate the
molecular weight of the compounds resulted after lignin depolymerisation.

The structure of lignin shows a lot of aromatic ether C-O bonds and the selective cleav-
age of these bonds plays a major role in its valorisation. Although the catalytic activity Ni based
catalyst in the cleavage C-O bonds from lignin model compounds is well known [11], the com-
plexity, heterogeneity of the lignin structure as well as its purity can influence the catalytic
performances in the depolymerisation process. On the other hand, there is a difference between
formic acid and ammonia lignin samples both in terms of C-C and f—O-4 linkages which con-
nect the phenylpropane units (B—O-4 linkages are predominant in structure of AL) and of pu-
rity, the content of carbohydrates in AL is higher than in FAL [24].

The HPSEC analysis highlighted that the presence of niobium along that of nickel into
SBA-15 structure led to an improve of AL depolymerisation to low molecular weight com-
pounds (Fig. 6) when we compared than with Ni-SBA-15 due to the reduction of activation
energy of C-O bonds as a result of its absorption on Nb20s [19]. Moreover, the generation of
Brensted and Lewis acid sites (Figure 4) as well as the increase in the moderate acidity of SBA-
15 (Tabel 4) as a result of Nb insertion into SBA-15 structure (Table 4) could significantly
promote the cleavage of B-O-4 and a-O-4 ether linkages [35]. On the other hand nickel-sup-
ported hydrotalcite showed a good catalytic activity in the deconstruction of a lignin model

compound such as 2-phenoxy-1-phenethanol which contains -O-4 alkyl-aryl—ether bond, the



most abundant intermonomer bond in native lignin [36]. Therefore, there is a synergetic effect
between Ni and Nb for depolymerisation of lignin into monomers (range of m/z 50-200, Fig.
6).

Ammonia lignin
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Fig. 6 Depolymerisation of ammonia lignin under autoclave conditions (0.1g catalyst, 0.5 g
ammonia lignin, 70 mL methanol, 50 bars Hz, 180 °C, 6 h).

Active hydrogen generated by the interaction between nickel-based catalysts and alco-
hol will attack the C-O bonds in lignin and the recondensation reactions between lignin frag-
ments can be avoided, leading to an increase in yields of monomeric phenols [37]. On the other
hand, methanol can act as the nucleophilic reagent for C—O—C cleavage in alcoholysis reaction
[17] and oxophilicity of Nb20Os promoted the cleavage of C-O bonds leading to yields of around
30 wt.% aromatic alcohols as a result of catalytic hydrogenolysis of Kraft lignin over 5Ni-
5Re/Nb20s at 330°C for 3h [39]. Therefore, the cleavage of C-O bonds over acid catalyst as
well as the catalytic performance of Ni-based catalyst in the selective hydrogenolysis of C-O
bond [38] to promote a strong synergetic effect between Ni and Nb in depolymerisation of AL
to low molecular weight compounds. This effect was also very well highlighted by LDI-TOF-
MS analysis where the presence of Nb led to the formation of mono and dimers compounds
(Fig SB).

In accordance with the literature [40] the LDI-TOF-MS spectrum of the supernatant
recovered after lignin depolymerisation process could be divided in three distinguished groups
of peaks which correspond to monomers (range of m/z 74-250), dimers (range of m/z 250-450)
and tri- and tetramers (range of m/z 450-840), respectively. Because no dimeric structures with

a mass of less than 250 Da have been reported, a clear delimitation between the monomer and



dimer domains has to be accepted, but a sharp mass cut-off is unreasonable to be used to dis-
criminate between trimers, tetramers and higher order oligomers [Jarrell TM, Marcum CL,
Sheng H, Owen BC, O’Lenick CJ, Maraun H, J.J. Bozell, H.I. Kenttamaa. Characterization of
organosolv switchgrass lignin by using high performance liquid chromatography/high resolu-
tion tandem mass spectrometry using hydroxide-doped negative-ion mode electrospray ioniza-
tion. Green Chem. 2014;16(5):2713-27].

It is well accepted that the heterogeneous lignin biopolymer in grasses is formed mainly
of three monolignol structural units (such as p-coumaryl alcohol (H), coniferyl alcohol (G) and
sinapyl alcohol (S)), which each have three carbon atoms in the side chain. However, following
a depolymerisation process of Kraft lignin, J. Prothmann et al. found an oligomer derived from
lignin with 3-buten-1-ol moiety linked to an aromatic ring (of m/z 316; CisH200s) by using
UHPLC/HRMS" approach [Jens Prothmann, Peter Spegel, Margareta Sandhal, Charlotta
Turner, Identification of lignin oligomers in Kraft lignin using ultra-high-performance liquid
chromatography/high-resolution multiple-stage tandem mass spectrometry (UHPLC/HRMS").
Analytical and Bioanalytical Chemistry (2018) 410:7803-7814]. Furthermore, M. Bergs et al.,
reported a G-type monomer with n-butyl moiety (zingerone, C11H1602) as a degradation prod-
uct of organosolv lignin isolated from Miscanthus species [Michael Bergs, Xuan Tung Do,
Jessica Rumpf, Peter Kusch, Yulia Monakhova, Christopher Konow, Georg Volkering, Rapf
Pude, Margit Schulze; Comparing chemical composition and lignin structure of Miscanthus x
giganteus and Miscanthus nagara harvested in autumm and spring and separated into stems
and leaves. RCS Advances, 2020, 10, 10740-10751]. Besides, O. Kriger et al. reported molec-
ular fragments of lignin oligomers extracted from a pretreatment of Miscanthus plant with the
TFA/H202 system and having 3-hydroxy-tetrahydrofuran group attached to an aromatic ring
of a monolignol structural unit [Olga Kriger, Ekaterina Budenkova, Olga Babich, Stanislav
Suhih, Nikolay Patyukov, Yakov Masyutin, Vyacheslav Dolganuk, Evgeny Chupkhin, The
process of producing bioethanol from delignified cellulose isolated from plants of the Miscan-
thus genus, Bioengineering, 2020, 7, 61, 6-11].

Typically pinoresinol structures are formed by B-p coupling of two coniferyl alcohol
monomers following by a re-aromatization process; however - coupling of monolignols can
occur with the formation of tetrahydrofuran structures [Judith Schafer, Melinda Sattler, Yasir
Igbal, Iris Lewandowski, Mirko Bunzel, Characterization of Miscanthus cell wall polymers;
GCB Bioenergy, 2019, 11, 191-205], due to the acylated monolignols which participates in the
formation of lignin biopolymer by conventional radical coupling process. [Fachuang Lu, John

Ralph, Novel tetrahydrofuran structures derived from b—b-coupling reactions involving sinapyl



acetate in Kenaf lignins, Organic and Biomoleclar Chemistry, 2008, 6, 3681-3694.]. Based on
the degradation products isolated from a catalytic hydrogenolysis process of lignin, A. Sa-
kakibara proposed a structural model of softwood lignin which contains tetrahydrofuran-de-
rived units as possible structures presented in the lignin polymer [A Sakakibara, A structural
model of softwood lignin; Wood Sci Technol, 1980, 14, 89-100]. Therefore, our mass spectra
revealed peaks that can be attributed to monomeric structures with moieties of three or four
carbon atoms, which are in line with the fragments reported by S.K. Saito et al. [40 - S.K. Saito,
T. Kato, H. Takamori, T. Kishimoto, K. Fkushima; A new analysis of the depolymerized frag-
ments of lignin polymer using Tof-SIMS; Biomacromolecules, 6 (2005), pp. 2688-2696] de-
rived from a pinoresinol structure.

The most abundant related-monomeric compounds observed from the mass spectrum
(Figure S1b) of the depolymerised AL sample over Ni-SBA-15 catalyst for 6h were derived
from (H) p-hydroxyphenyl (m/z of 162), (G) guaiacyl (m/z of 176, 192, 206) units and from
(S) syringyl (m/z of 222, 226, 242, 244) units as reported by S.K. Saito et al. [41] which differ
from each other by 14-17 Da. These differences correspond to different numbers of O at-
oms/CH2/CH3/OH groups presented in the molecular structures (Table 3). Due to a different
reactivity between lignin units, H and G-units are less present in the spectrum because they can
be easily repolymerized [42]. Furthermore, the peaks at m/z of 110 and m/z of 112 were ob-
served on the mass spectra and they were assigned to catechol and cyclotene, respectively as
reported by E. Christensen ef al. [43]. The heterogeneity of the lignin sample is also evidenced
by the structures of the dimeric species with m/z of 246, 260, 272, 298, 312, 326, 340, 358,
360, 374, 446 and 460 that could be related to the different linkages between the monomeric
units of the lignin primarily of phenylcoumaran- and resinol-type structures [44], as well as to
different numbers of CH2/OH groups presented in the molecule structure [45]. The m/z of 272
Da peak might be also attributed to diarylpropane — and biphenyl-type structures (with all
R=H), while the m/z of 260 and 246 Da peaks might be attributed to a diphenyl structure (Table
4) [45]. If the presence of Nb which promotes the cleavage of Caromatic-C bonds [46] led to the
diminishing of peak intensity with m/z for 311 and 325 over Ni-Nb-SBA-15 (Fig. SI) in com-
parison with Ni-SBA-15, the stability of compounds with m/z of 373, 374 (Fig SI) could be
due to the steric effect [47] of -OCH3, -CH2-OH and -C3H?7, substituents on the phenylcoumaran
(Table 4). In accordance with the literature reports, it might be possible to assign dimers with
B—0O-4 linkages to peaks with m/z of 329 [48] and 375 [49], respectively. It is well known that
it is difficult to establish trimeric and tetratmeric structures due to the repolymerisation process,

but some trimers and tetramers were highlighted from the mass spectrum at m/z of 560, 574,



588, 602 and 635, respectively, that could be assigned to GGG, GGG, GSG, GGS and GGSG
type structures with different linkages, according to the relevant literature [44, 50,51]. There-
fore, the insertion of the Nb and Ni into SBA-15 structure promoted the cleavage of lignin
linkages and so a bimodal distribution of the lignin-related compounds was highlighted from
the mass spectrum (Figure S1a): monomers (with dominant molecular mass signal, m/z of 162,
222,242, 244) and dimers (with dominant molecular mass signals m/z of 260, 272, 312, 326,
374, 376) with different resinol-, phenylcoumaran- and diphenyl-type structures. Furthermore
dimers with B—O-4 linkages were identified on the spectra as small peaks with m/z of 359 [48§],
375 [49] (it is the most valuable peak due to S/N value), 378 [52], respectively, as reported in
the literature. The chemical structure of monomer and dimer compounds [41,45,53] are shown

in the table 3 and 4 respectively.

Table 3 Possible type-structures of monomeric components from AL lignin depolymerisation
process (with their elemental compositions): A) p-Hydroxyphenyl, B) Guaiacyl, C) Syringyl -

derivatives

A) p-Hydroxyphenyl-derivatives

()

O

HO
162 Da (C1oH1003)

B) Guaiacyl-derivatives

5

O

HO

O—CH,
192 Da (C11H1203);

O—CH-

206 Da (C12H14053)

O—CH;,
176 Da (C11H203)

C) Syringyl derivatives




HO HO
H,C—O0 @ HO
© H,C—O0 HC—0
HO
O—CH, HO HO
O—CH; O—CHj
222 Da (C12H1404) 226 Da (C12H1504) 242 Da (C12H1505)
HO
H.,C—C OH
OH
HO
O0—CH;
244 Da (C11H160¢)

Table 4 Possible type-structures of dimeric components from lignin depolymerisation process
(with their elemental compositions): A) resinol, B) phenylcoumaran

Possible dimer type-structures Molar mass (Da)
A) resinol 298 = {R1=R2=R3=R4=H}, CisH1s04
R3 340 = {R1=R2=R3=H; R4=0C:H3}, C20H2005

R1 — —{ 358 = {R1=R3=H; R2=R4=0CH3}, C20H20s

0 =
| /*ﬂ{: )—OH | 446 = {RI=R3=OCH3; R2=R4=OC:Hs}, C24ba0Os
HD—{? x‘: s HHI N A 460 = {R1=0OCH3s; R2=R3=R4=0C:2Hs}, C25H320s
%, / M,
— O -

- \
= - R4

R2
B) phenylcoumaran 272 = {R1=R2=R3=H}, Ci6H1704
CH. 358 = {R1=0OCH3 R2=H; R3=0C3Hs}, C20H2206
o’ H3C 360 = {R1=0CH3; R2=CH>0H; R3=C>Hs},

C20H22056
374 = {R1=0OCH3s; R2=CH20H; R3=C3H7},

0
© C21H260
T yon |cote
R3
R2 R1

B’) phenylcoumaran 298 = {R1=C:2Hs; R2=R3=H}, CisHis04

312 = {R120C2H3; R2:R3:H}, CisH160s

326 = {R].:OCgHs; R2:R3:H}, C19H1805

330 = {R].:OCH3,' RZZH,' R3:CH20H}, Ci1sH1806

340 = {R1=0CH3; R2=H; R3=CsHs}, C20H2005




/C H
O H3C
]
-0
R3
R2 R1
C) biphenyl 246 = {R1=R2=H}, C14H1404
260 = {R1=H, R2=CH3}, Ci5H1604
R1 R2 272 = {R1=H; R2=C2Hs}, Ci6H1704
HiC—=O  oOH on O7CM

The depolymerisation of AL over Ni-Nb-SBA-15 for 3h led to compounds with molec-
ular weight range from 105 to 800 Da (Fig. Sla) such as monomers (with dominant molecular
mass signals, m/z of 162,176, 192, 206, 222, 226, 242, 244), dimers (with dominant molecular
mass signals, m/z of 246, 260, 272 298, 312, 326, 340, 358, 360, 374, 446, 460) and some
possible tri- and tetramers traces (m/z of 420 to 800 Da). This mass spectrum is very similar to
that of AL pre-treated lignin depolymerized over Ni-SBA-15 for 6h (Fig Slb). By extending
the reaction time, from 3 to 6 h, only identification of the monomeric compounds with m/z of
162, 222, 242, 244 and dimers (with significant peaks of 260, 272, 312, 326, 340, 358, 360,
374, 376 m/z) (Fig. Slb) was possible. On the other hand, the results obtained by HPSEC
analysis due to increase in reaction time up to 6h did not maintain the same trend (Fig. 7) with
those recorded by LDI-TOF-MS. As we observed in the previous study [54] the association of
molecules during the HPSEC separation (i.e. hydrodynamic volume) could justify the differ-

ence between the results obtained by the two techniques aforementioned analysis techniques.
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Fig. 7 Depolymerisation of ammonia lignin under autoclave conditions (0.1g Ni-Nb-SBA-15,
0.5 g AL, 70 mL methanol, 50 bars Hz, 180 °C).

The depolymerisation of lignin is a challenging process due to competitive repolymer-
ization reactions. An important observation during these experiments was noticed after an in-
crease in the amount of Ni-Nb-SBA-15 from 0.1 to 0.3 g which led to a decrease of conversion
as well as of the yield in mono and dimers compounds (Fig. 8). Although Ni supported on
acidic support as well as the hydrogenolysis process can suppress repolymerization [11] and,
consequently, lead to an increase in catalytic performances, the increase in acid sites with the
higher catalyst addition could lead to repolymerization of lignin intermediates [55]. Moreover,
this aforementioned trend was also maintained for hydrogenolysis of formic acid lignin. There-
fore, the depolymerisation of lignin over heterogeneous acid catalysts can be a challenging

process due to the presence of competitive repolymerization reactions.
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Fig. 8 Depolymerisation of ammonia lignin under autoclave conditions (0.5 g AL, 70 mL

methanol, 50 bars Hz, 180 °C, 3h).



The catalytic clevage of C—C bonds (B—, B—1, B—5 and 5-5) which connected the mon-
omeric units of lignin is more difficult to be carried out than for C—O bonds (p—0—4, o—0-4,
4-0-5) [56]. As it was earlier mentioned the structure of FAL involves, mainly, both the C-C
and C-O bonds (but not f—O—4) [24] between phenypropan units. Its hydrogeneolysis over Ni-
(Nb)-SBA-15 led to high conversion but with low yield in mono or dimers (yield of 10
wt.%)(Fig. 9), limited by robust C—C interunit linkages whose bond dissociation energy is very

high as well as due to low content of —O—4 [57].
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Fig. 9 Depolymerisation of formic acid lignin under autoclave conditions (0.1g catalyst, 0.5 g

FAL, 70 ml methanol, 50 bars Hz, 180 °C, 6 h).

On the other hand, the increase in yield of monomers over Ni-Nb-SBA-15 in compari-
son with those obtained over Ni-SBA-15 (Fig. 9) was not as obvious as in case of AL (Fig. 6).
Therefore, the cleavage of the C-O linkages between aromatic units of lignin, the activation of
B—O—4 linkages on the Nb-based catalyst was most notable. The improving of catalytic selec-
tivity to monomers, as result of Nb presence was also highlighted by LDI-TOF-MS analysis
which showed, in the presence of Nb species, a decrease in intensity of the signals correspond-
ing to the dimers (Fig. SI). Regarding the depolymerisation process of FAL sample over Ni-
SBA-15 and Ni-Nb-SBA-15 catalysts for 6h, respectively, a similar distribution of related-
monomeric (with m/z of 150, 162, 176, 180, 192, 206) and -dimeric (with m/z of 297, 312,
326, 340, 353) compounds was observed in the corresponding mass spectra (Fig. SB a-b). Due
to the heterogeneity of the lignin samples, a difference of 12-17 Da was observed between the

adjacent peaks which is correlated to different numbers of O/C atoms and/or CH/CH2/OH



groups presented in the molecular structures [41,44]. The peaks at m/z of 150 and 180 corre-
spond to compounds derived from G and S-unit, respectively, where a 4-vinyl moiety is present
in the phenolic structure, as shown in Table 5.

Table 5 Different possible type-structures of monomeric-related components from FAL lignin
depolymerisation process, compared to AL lignin depolymerisation process (with their
elemental compositions): A) Guaiacyl, B) Syringyl - derivatives

A) Guaiacyl-derivatives B) Syringyl—derivatives
OH OH
o) o 0
“CH; H,c” “CH,
NN NN
150 Da (CoH1002)
180 Da (C1oH1203)

In addition, the mass spectra showed peaks at m/z of 107 and m/z of 112 that might be
attributed to alkylphenols [58] and cyclotene [43], respectively as reported in the open
literature. The peak at m/z of 144 correspond to an unknown compound (possibly to a
polysaccharide fragment according to the open literature [59]. A low content of B—O-4 bonds
in the FAL lignin sample [24] is pointed out by the low numbers of peaks detected in the mass
spectra related to dimers fragments such as the m/z of 329 [49] and 383 peaks [60] compared
to the corresponding mass spectra of AL lignin. Some possible trimers traces (with a significant
peak at m/z of 507 corresponding to a GGG-type structure [61] was observed on the spectra of
FAL lignin when working with the Ni-SBA-15 catalyst.

Y. Cao et al. reported harsh conditions such as 6 MPa hydrogen pressure and tempera-
tures of 230 °C for catalytic hydrogenolysis of cellulose to ethylene glycol over Ni-SBA-15
based catalysts [62] which is in accordance to lower conversion of AL compared with that for
FAL over Ni-Nb-SBA-15 (Fig. 9) since the hydrogenolysis process of lignin is carried out in
methanol and not in water. On the other hand, the higher yields in monomers obtained after
depolymerisation of ammonia lignin over Ni-Nb-SBA-15 were due to a significant presence of
B-O-4 linkage between its monomers (Fig. 10). Therefore, the type of linkage between the
monomeric units of the lignin as well as the purity of lignin influenced the catalytic depoly-

merisation process.
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Fig. 10 Depolymerisation of lignin under autoclave conditions over Ni-Nb-SBA-15 (0.1g cat-
alyst, 0.5¢g lignin, 70 mL methanol, 50 bars Hz, 180 °C, 6 h).

In view of these experiments, the catalytic stability of Ni-Nb-SBA-15 was evaluated
both in terms of the hydrogenolysis of ammonia and of formic acid lignin. If Ni-Nb-SBA-15
catalyst showed a good stability during the three catalytic cycles in the hydrogenolysis of FAL
(Fig. 11), for depolymerisation of AL a significant decrease in conversion of around 20% from
first to third catalytic cycles was noticed (Fig. 12). The decrease of both conversion and yield
in monomers was due to the chemisorption of sulphur, present in the unfractionated ammonia

lignin as highlighted in the previous study [54], on active Ni sites [63].
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Fig. 11 Catalytic stability of Ni-Nb-SBA-15 in the depolymerization of FAL under autoclave
conditions (0.3g Ni-Nb-SBA-15, 0.5g lignin, 70 ml methanol, 50 bars Hz, 180 °C, 3h).
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Fig. 12 Catalytic stability of Ni-Nb-SBA-15 in the depolymerization of AL under autoclave
conditions (0.3g Ni-Nb-SBA-15, 0.5g lignin, 70 ml methanol, 50 bars Hz, 180 °C, 3h).

4 Conclusions

The hydrogenolysis process of isolated lignin from Miscanthus plant under acidic or
basic conditions was carried out over Ni and/or Nb-doped SBA-15 catalysts under autoclave
conditions and the reaction products were characterized by several techniques such as LDI-
TOF-MS, HPSEC and GC-MS. The predominance of 3-O-4 ether bond between phenylpro-
pane units from ammonia lignin as well as the synergistic effect between Ni and acid sites
represented by Nb in the clevage of C-O and C-C bonds led to the highest yield in monomers
(22wt.%) as results of hydrogenolysis process. Therefore, the presence of acid sites due to
insertion of Nb into SBA-15 structure led to an improvement of catalytic performance in de-
polymerization of lignin. On the other hand the presence of sulfur in the composition of AL
affected the catalytic performances of Ni-Nb-SBA-15, these decreasing along the three cata-
lytic cycles. A very interesting aspect was noticed in the increase in amount of Ni-Nb-SBA-15
which did not lead to an improve of its catalytic performance in the depolymerisation of AL
due to repolymerization process of lignin intermediates as a result of increase in the amount of
acid sites.
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