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Abstract: In this work, a waste-derived lignin with abundant uncondensed linkages, using accessible
solvents (acetone/water mixture) and low-cost catalysts showed successful depolymerization for
the production of target molecules 4-ethylphenol, 4-propyl-2,6-dimethoxyphenol and 4-propyl-2-
methoxyphenol. Lignin samples were obtained from sugar-cane bagasse residue by an organosolv
process. Four alumina-based catalysts (Pt/Al2O3, Rh/Al2O3, Ni/Al2O3 and Fe/Al2O3) were used to
depolymerize the sugar cane lignin (SCL) in an acetone/water mixture 50/50 v/v at 573 K and 20 barg
hydrogen. This strategic depolymerisation-hydrogenolysis process resulted in the molecular weight
of the SCL being reduced by half while the polydispersity also decreased. Catalysts significantly
improved product yield compared to thermolysis. Specific metals directed product distribution and
yield, Rh/Al2O3 gave the highest overall yield (13%), but Ni/Al2O3 showed the highest selectivity
to a given product (~32% to 4-ethylphenol). Mechanistic routes were proposed either from lignin
fragments or from the main polymer. Catalysts showed evidence of carbon laydown that was specific
to the lignin rather than the catalyst. These results showed that control over selectivity could be
achievable by appropriate combination of catalyst, lignin and solvent mixture.

Keywords: biomass valorization; lignin; hydrogenolysis; heterogenous catalysis

1. Introduction

The interest in repurposing biomass waste has been growing over the years as its
effective application can contribute to reduced reliance on fossil fuels [1]. In this context,
the chemical structure of lignin is economically attractive in a biorefinery context [2]
as it becomes a potential source of value-added molecules [3]. Lignin is an abundant
and as yet not defined biopolymer. Its chemical structure varies depending upon the
biomass feedstock and extraction method used in its separation from the cell wall network.
Generally, three main monomers known as guaiacyl alcohol (G unit), syringyl alcohol (S
unit) and p-coumaryl alcohol (H unit) [4,5] are considered building blocks of this complex
molecule. These units are linked between each other by various linkages, including β-O-4,
α-O-4, β-β, 5–5 and β-1 [6].

Lignin can be found in feedstocks such as sawdust, wood chips and sugar-cane
bagasse [6,7]. This last one is generated on a large scale (>200 MMT in Brazil) as residue in
countries that are producers of bioethanol and sugar, like Brazil, India and China [8]. Most
industries use this waste (0.3 T of wet bagasse per tonne sugar cane) in cyclic processes
for energy generation [9], however, by using an appropriate pre-treatment it can be an
abundant source of lignin (~22% of the dried bagasse). Several approaches have been used
to extract lignin from sugar-cane bagasse [10–13]. Alcohols are normally used associated
with water in catalytic acidic mediums [14,15]. For the valorization of lignin to fine chemi-
cals, β-O-4 linkages have been shown to be important in depolymerisation [16] and many

Biomass 2021, 1, 11–28. https://doi.org/10.3390/biomass1010002 https://www.mdpi.com/journal/biomass

https://www.mdpi.com/journal/biomass
https://www.mdpi.com
https://orcid.org/0000-0002-3750-438X
https://orcid.org/0000-0003-1257-5533
https://doi.org/10.3390/biomass1010002
https://doi.org/10.3390/biomass1010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomass1010002
https://www.mdpi.com/journal/biomass
https://www.mdpi.com/article/10.3390/biomass1010002?type=check_update&version=1


Biomass 2021, 1 12

researchers have focused on optimizing extraction methods to enhance the quality of the
obtained lignin [17]. A suitable metal catalyst with a lignin abundant in β-O-4 bonds could
present a promising system for hydrogenolysis with selective production of alkyl-phenolic
monomers [16,18]. The methodology behind this is that alkyl-O-aryl bonds can be more
readily cleaved compared to C-C bonds (β-β, 5–5 and β-1) in lignin [19]. Selective produc-
tion of monoaromatics is one of the main challenges regarding depolymerization, due to
condensation of intermediates. In general, the lignin is thermally broken, followed by a
range of catalytic reactions that lead to phenolics, while the product distribution depends
on the catalysts used [18]. Metals such as platinum, rhodium, nickel and iron showed
appreciable activity in breaking C-C and C-O-C bonds in model compounds [20–22]. How-
ever, when it comes to a real lignin stream, the challenge increases and obtaining selective
outcomes becomes harder. Nevertheless, earlier investigations showed that monoaromatics
yield can increase in strategic reactions like hydrogenolysis by using metal catalysts [18,23].

One advantage when using acetone in reactions with lignin is this solvent’s ability
to dissolve the heavier fragments of lignin as previously reported in other studies [18];
thus, contact between lignin and a heterogenous catalyst can be enhanced. In addition, its
commercial production from fermentation of agricultural products has been reported [24],
this moves acetone from a petrochemical feedstock to one that is obtainable from renew-
able sources.

In this work, our investigation focused on a residual-derived lignin with substantial
β-O-4 bond content. In spite of considerable information about lignin hydrogenolysis
using metal-alumina-based catalysts, there are only a few reports in the literature about
compounds that are not generated in the thermolysis (or solvolysis) but exclusively in the
catalytic run. Two noble metal catalysts (Pt/Al2O3 and Rh/Al2O3) and two non-noble
metals (Ni/Al2O3 and Fe/Al2O3) were tested in sugar-cane lignin (SCL) depolymerization.
From our observations, target molecules, such as 4-ethylphenol, 4-propyl-2-methoxy-
phenol and 4-propyl-2,6-dimethoxyphenol could be generated with high selectivity (up
to 32%) giving advanced pathways for control in this aspect by using low-cost catalysts
and an abundant waste-based lignin with an appropriate solvent mixture. 4-ethylphenol
is a fine chemical used for the production of 4-vinylphenol and various antioxidants,
which are used in rubber and polymers. It is also an intermediate for pharmaceutical and
dye manufacture and is produced on the 500 MT scale annually by a multi-step process.
4-propyl-2,6-dimethoxyphenol is a component of smoked food flavouring, while 4-propyl-
2-methoxyphenol is also a food flavouring. Note that even extraction of these components
at 1% from sugar cane bagasse lignin residue would satisfy the market for these chemicals
and allow the waste material still to be used as a fuel.

2. Experimental
2.1. Catalyst Preparation

A 4.5 wt.% Fe/Al2O3 catalyst was prepared by impregnation. Iron nitrate nonahydrate
(99%, ACROS Organic) was dissolved in a stoichiometric proportion in deionised water.
The metal precursor solution was added to Al2O3 (Johnson Matthey, Billingham, Cleveland,
UK. pellets size ~5 mm, reference: 961) and the material was left to dry overnight at
313 K. A 4.7 wt.% Ni/Al2O3 catalyst was prepared by the highly dispersed catalyst (HDC)
methodology as described [25]. Nickel (II) carbonate hydroxide tetrahydrate (98%, Alfa
Aesar), ammonium carbonate (NH3 ca 30%, Alfa Aesar, Heysham, Lancashire, UK) and
ammonia water (25% NH3 bases, Sigma Aldrich, Irvine, Ayrshire Scotland, UK) were used.
This methodology consisted in raising the pH in solution in order to promote better catalyst
dispersion. Initially, ammonia solution and water were mixed, followed by the addition
of ammonium carbonate. The addition of nickel (II) carbonate hydroxide tetrahydrate
in the solution resulted in the formation of a nickel amine complex. The solution was
slowly added to a round bottom flask containing alumina under stirring. The process
was concluded by the evaporation of ammonia in a rotary evaporator. The catalyst was
washed with distilled water and left to dry overnight at 323 K. A 1 wt.% Pt/Al2O3 catalyst
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was obtained commercially from Johnson Matthey (reference number 1074) and a 1 wt.%
Rh/Al2O3 was prepared by impregnation as previously reported [18].

2.2. Catalyst Reduction

A flow microreactor was used for the reduction of the catalysts. The materials were
heated to appropriate reduction temperatures at a ramp rate of 10 K min−1 with a dwell
time of 2 h for Pt/Al2O3 and 1 h for the other catalysts. The reduction temperature
for Pt/Al2O3, Rh/Al2O3, Ni/Al2O3 and Fe/Al2O3 was 523 K, 573 K, 850 K and 800 K
respectively.

2.3. Sugar-Cane Lignin (SCL) Extraction Process

A straightforward extraction process was used to obtain sugar-cane lignin. Sugar cane
bagasse was ground in a laboratory mill (Nogueira type, Itapira, São Paulo) and sieved
to 2 mm in a mesh sieve. The bagasse powder was continuously washed with distilled
water until it became odorless and dried in an oven at 323 K. 10 g of treated bagasse was
added to a 1000 mL round flask with 190 mL of 0.5 M NaOH (VETEC, Rio de Janeiro,
RJ, Brazil, class 8) and ethanol (60%, VETEC). The material was heated under reflux at
351 K for 2 h. Subsequently, the reaction mixture was cooled down to room temperature,
filtered under vacuum and washed with 500 mL of an ethanol/water 6:4 v/v solution. A
1 M HCl (VETEC, class 8) solution was used to acidify the mixture to pH 6 and a volume
of ethanol three times the volume of the reaction mixture was added. To separate solid
and liquid phases, the material was centrifuged at 10,000 rpm (Rotanta 460 R, Hettich
Zentrifugen, Tuttling, Germany) for 10 min. The supernatant was recovered and the solvent
was partially removed using a rotary evaporator. A pH of 2 was obtained by adding 1 M
HCl solution, followed by the addition of water until the aspect of the solution became
opaque. The material was re-centrifuged, the supernatant collected and reserved. The
collected material was left to lyophilization for a period of 24 h. The solid dry lignin was
used without further procedures.

2.4. SCL Depolymerization Process

A batch autoclave reactor (300 mL) constructed of 316 stainless steel (Parr Instrument
Company, Moline, IL, USA) equipped with a digital temperature controller (±1 K) was used
for the depolymerisation experiments. SCL (0.5 g) was added to the reactor with catalyst
(0.1 g), with 100 mL of acetone (99.88%, Fisher Scientific, Loughborough, Leicestershire,
UK) and distilled water in a 50:50 v/v mixture. The reactor was purged with hydrogen
three times, pressurised to 20 barg and sealed. The reaction was run at 573 K for 3 h. After
reaction, to extract the phenolic compounds generated in the products, the final mixture
was filtered using a sintered glass (porosity 3), separating solid residues and catalyst. This
liquid material was centrifuged and kept as Fraction 1 (Fraction which contained the fine
chemicals). The remained material containing lignin fragments of higher molecular weight
was solubilised in 50 mL acetone and kept as Fraction 2. Fraction 1 was acidified to pH
2 using HCl and 0.2 mL of 1g/L hexadecane internal standard added. Products were
extracted with dichloromethane (DCM) 3 times, followed by the removal of remaining
solvent using a rotary evaporator. After this process, the products were solubilized in
25 mL of DCM.

2.5. Gas Chromatography Mass Spectroscopy Analysis

Product identification and semi-quantification was done as previously reported [26]. A
GC-MS QP2010S (Shimadzu, Milton Keynes, Buckinghamshire, UK) coupled to a Shimazu
GC-2010 equipped with a ZB-5MS capillary column (30 m × 0.25 nm × 0.25 µm) with He
as carrier was used. The column was kept at 333 K for 2 min then heated to 533 K, where it
was held for 10 min. A volume of 1 µL of sample was injected using split mode (50:1) and
an injection temperature of 523 K was used. To improve the analyses, products were deriva-
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tized by adding to 10 µL of Fraction 1, 70 µL of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and 30 µL of pyridine. The samples were left for 2 hours prior to injection.

2.6. Product Identification and Yield Calculation

In this initial study of SCL, it was not possible to achieve mass balance closure. All
products from Fraction 1 and Fraction 2 could not be identified due to limitations in the
extraction method and slight release of gas when the reactor was opened. Hence, it is
essential to highlight that the discussion will be centered on the products with higher yield
found in the Fraction 1. The estimate of the amount of each product formed was given
by the total ion chromatogram (TIC), reference compounds and internal standard. Due to
limited commercial availability, four authentic compounds were used as representatives of
guaiacyl (G) and syringyl (S) units of lignin. The compounds used were 2-methoxyphenol
(Sigma Aldrich, purity 98%), 4-ethyl-2-methoxyphenol (Sigma Aldrich, purity 98%), 2,6-
dimethoxyphenol (Sigma Aldrich, purity 99%) and 4-methyl-2,6-dimethoxyphenol (Sigma
Aldrich, purity 97%). Calibration using solutions of different concentration (0.01, 0.05,
0.1, 0.5 and 1g/L) with hexadecane as internal standard (1 g/L) was used to obtain a
straight-line graph, where the gradient corresponded to a response factor (α) for each
compound. By using α for the correspondent G or S of the chosen reaction product and
rearranging Equation (1) by changing reference values per the desired unknown compound
values, it was possible to estimate how much it was present in 1 µL. By using Equation (2),
considering the total volume of sample (25 mL) and the total amount of lignin used (0.5 g),
it was possible to estimate the amount of individual yields in g/100g.

Selectivity was calculated as follows: S = (the specified molecule / total amount of
detected molecules) × 100. The overall yield was the sum of all fourteen compounds (in
g/100g) identified in Fraction 1:

α =
Intensity of reference

intensity of internal standard
× Mass of internal standard

Mass of reference
(1)

m (g/100g) =
(mass of product from Equation 1 × 25)

0.001
0.5

× 100 (2)

2.7. Gel Permeation Chromatography (GPC) and Elemental Analysis (CHN)

GPC analysis was conducted using a Gilson 2 system (Gilson, Dunstable, Bedfordshire,
UK), equipped with a UV detector. A set of PS/DVB columns (5 µm, 300 × 7.5 mm, 50
and 500 Å, Crawford Scientific Ltd, Strathaven, Lanarkshire, Scotland, UK) was used.
The injection volume was 100 µL. The temperature of the column was 303 K. Calibration
was conducted with polystyrene standards in the range of 474 to 28,000 g mol−1 that
were diluted in tetrahydrofuran to 0.5 g L−1. A line equation, y = −0.031x3

+ 1.2581x2 –
17.264x + 83.146, was obtained. Typically, 0.5 g of lignin or reaction product (prepared by
combining equal volumes of Fraction 1 and Fraction 2, followed by solvent evaporation)
were acetylated with 0.5 mL of pyridine and 0.5 mL of acetic anhydride overnight. After
solvents removal by N2 blowing, the sample was completely solubilized in THF prior to
injection. The ChromPerfect software package was used to manage the data. CHN analysis
was carried out on a CE-440 Elemental Analyser (Exeter Analytical (UK), Ltd, Coventry,
Warwickshire, UK ).

2.8. Thermogravimetric Analysis (TGA)

The temperature programmed oxidation analysis (TPO) was performed using a com-
bined TGA/DSC SDT Q600 thermal analyser (TA instruments UK, Elstree, Hertfordshire,
UK) coupled to an ESS mass spectrometer. About 0.01–0.015 g of catalyst was used and the
samples were heated from room temperature to 1273 K with a thermal ramp of 10 Kmin−1

under O2/Ar.
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2.9. Surface Area and Pore Volume Determination (BET)

A Gemini III 2375 Surface Area analyser (Micrometrics, Hexton, Hertfordshire, UK)
was used. About 0.04 g of catalyst sample was added to a glass tube and left overnight at
383 K under nitrogen. The samples were reweighed prior to analysis at 77 K.

2.10. Raman and Atomic Absorption Spectroscopy Analysis

A LabRAM High resolution spectrometer (Horiba Jobin Yvon, Glasgow, Lanarkshire,
Scotland, UK) was used in this analysis. Helium cadmium IK3201and R-F 325 nm UV
lasers were used. The laser light was directed to the sample for 10 seconds using a 15 × UV
objective lens with 1200 cm−1 grating. A range of 500 to 3000 cm−1 was used. Back
scattering configuration collected the scattered light and detected by a nitrogen cooled
charge-coupled detector CCD. For atomic absorption spectroscopy analysis a Perkin Elmer
analyst 400 atomic absorption spectrometer, equipped with winlab 32 was used.

3. Results and Discussion
3.1. Catalyst Characterization

Pt/Al2O3, Rh/Al2O3, Ni/Al2O3 and Fe/Al2O3 were characterized using a range of
techniques. Atomic absorption spectroscopy gave metal loadings of 4.7 wt% for Ni and
4.5 wt% for Fe supported on alumina, while BET analysis for Ni/Al2O3 gave a surface area
of 106 m2g−1, pore volume of 0.5 cm3g−1 and a pore diameter of 12.6 nm, and for Fe/Al2O3
a surface area of 90 m2g−1, pore volume of 0.4 cm3g−1 and a pore diameter of 145 nm.
X-ray diffraction analysis revealed that these catalysts’ support was mostly composed
of theta- and delta-alumina. As previously reported [18], 1% Pt/Al2O3 was obtained
commercially by Johnson Matthey (reference number 1074). XRD analysis showed that the
support was mainly θ-alumina. BET analysis gave a surface area of 124 m2·g−1, a pore
volume of 0.6 cm3·g−1 and a pore diameter of 14.6 nm. Carbon monoxide chemisorption
analysis gave a dispersion of 56% and hence an average particle size of ~2 nm [18]. 1 wt.%
Rh/Al2O3 was prepared by impregnation [18], having a surface area of 102 m2·g−1, a pore
volume of 0.5 cm3·g−1 and a pore diameter of 14.5 nm, as measured by BET. While carbon
monoxide chemisorption gave a dispersion of 121% [18] and XRD showed that the support
was composed by θ- and δ-alumina [18].

3.2. Sugar-Cane Lignin (SCL) Characterization
3.2.1. Elemental Analysis

Elemental analysis of the SCL reported in Table 1 gave an approximate chemical
formula of C9H11O5, which would not be inconsistent with SCL lignin having a mixture
of H, G and S units [27] and an O/C ratio of 0.55. This oxygen content was in line with
catalytic results, which suggested more syringyl units and an appreciable degree of alkyl-
ether linkages.

Table 1. Elemental analysis of SCL (oxygen content was estimated by difference).

Elemental Analysis (%)

C 54.1
H 5.6
N 0.9
O 39.4

3.2.2. Molecular Weight Distribution of SCL

GPC analysis gave an overview of the mass distribution, molecular number and
polydispersity of SCL and depolymerisation products by analysis of combined Fraction
1 (fraction which contained the fine chemicals) and Fraction 2 (acetone soluble residual
lignin). As the samples were mixtures, there were variations in the UV response and
limitations to be able to associate peaks with specific molecules. Figure 1 shows typical
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GPC profiles of SCL, acetone reference reaction (catalyst free, reference reaction with solvent
50/50 acetone/water) and a Pt/Al2O3 catalysed reaction. Compared to the initial lignin,
there was a shift to lower molecular weight products. Hence, the abundant condensed
fraction at about 12 min in SCL disappeared, giving a lower-Mw broad peak eluting at
~ 13–15 min. Overall, the reference and the catalyzed experiments showed very similar
GPC profiles, however, in the presence of Pt/Al2O3 there was a gain of relative intensity in
the lower molecular weight GPC peak, indicating larger uncondensed fractions from the
catalyzed experiments. Confirming these findings, the molecular weight decreased from
2291 Da (SCL) to 1355 Da for the uncatalyzed reference reaction and ~1179 Da for catalyzed
reactions. The molecular number also decreased (731 for SCL, 541 for the reference and 517
for catalyzed) as there was conversion of macromolecules into others [28]. The decrease in
the polydispersity (3 for SCL, 2.5 for reference and 2.3 for catalyzed) showed the presence
of less complex and branched molecules compared to the initial lignin. Hence, although
lignin degradation occurred for thermolysis, it was more efficient with the presence of
a catalyst.
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3.2.3. Product Distribution and Quantification by GC/MS

After the experiment, the extracted fraction containing lighter molecules (Fraction 1)
was analyzed via GC/MS. The standard deviation (SD) for individual monoaromatics’ yield
(g/100g) was determined from triplicates carried out in our earlier investigations [26,29],
the SD values were below 0.1, which was deemed an acceptable range. Fourteen molecules
from SCL depolymerization were identified and are listed in Table 2. They were, in general,
alkylated molecules, and there was a considerable difference in syringyl-yield/guaiacyl-
yield ratio with more S unit-type of products. Note this methodology did not identify
hydrogenated or cyclohexanol molecules. According to the type of products, deoxygenation
was also assumed to occur, this could be in more than one step or directly by C-O or alkyl
chain breakdown. This analytical method was used to semi-quantify individual product
yield, with response factors calculated based on lignin model molecules: the values used
for compounds derived from a G or S unit were 0.23 and 0.19, respectively.
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Table 2. Identified compounds from SC lignin depolymerisation.

Compound Code Compound Name

(1) 2-methoxyphenol
(2) 4-methyl-2-methoxyphenol

(2A) 4-ethylphenol
(3) 4-ethyl-2-methoxyphenol
(4) 4-propyl-2-methoxyphenol
(5) 1,2-dihydroxybenzene
(6) 4-ethylbenzene-1,2-diol

(6A) 2,6-dimethoxyphenol
(7) 4-(3-hydroxypropyl)-2-methoxyphenol
(8) 4-(3-methoxypropyl)-2-methoxyphenol
(9) 4-methyl-2,6-dimethoxyphenol

(10) 4-(2-hydroxyethyl)-2,6-dimethoxyphenol
(11) 4-ethyl-2,6-dimethoxyphenol
(12) 4-propenyl-2,6-dimethoxyphenol
(13) 4-(2-hydroxyethyl)-2-methoxyphenol
(14) 4-propyl-2,6-dimethoxyphenol
(15) 4-(1-hydroxy-2-methylpent-3-enyl)-2,6-dimethoxyphenol

(15A) 4-(3-hydroxypropyl)-2,6-dimethoxyphenol

3.2.4. Depolymerisation of Sugar-Cane Lignin (SCL)

Efficient depolymerisation of lignin remains challenging and one strategy to address
this issue is the use of less recalcitrant (uncondensed) lignins, as higher yields of monoaro-
matics have been reported from catalytic depolymerization of these substrates [16–18].
This could be achieved by a suitable pre-treatment in the extraction step, resulting in a
biopolymer richer in alkyl-O-aryl-type of linkages. In a biorefinery context [5,30], this is
a relevant strategy as it is based on sustainable production of platform chemicals from
waste. In this study, an approach of using a less condensed sugar-cane lignin, an authentic
biomass-derived material, was used to obtain value-added chemicals. Experiments aiming
selective rupture of aryl-ether bonds such as β-O-4 and β-O-4 (Et) from SCL molecular
framework, involved Pt/alumina, Rh/alumina, Ni/alumina and Fe/alumina catalysts;
as will be further discussed, an increase in product yield and promising catalytic activity
was found.

3.2.5. Catalyst Free System

Control tests (573 K, 20 barg H2, solvent, acetone/water 50:50 v/v) on SCL depolymer-
ization were conducted. Monoaromatics have been formed from lignin solvolysis mostly
using alcohol [18,31] water [32] and various solvent mixtures [26,33]. In addition, kinetic
isotopic effects recently showed that an acetone/water mix was directly involved in prod-
uct formation from Kraft lignin, in both non-catalytic and catalytic runs [26]. Nevertheless,
as shown in Figure 2, catalyst free experiments (reference) showed a low overall yield of
3.9 g/100 g composed mainly of phenolics with alkyl chains attached to the α-carbon from
syringyl and guaiacyl units. Product distribution showed depletion of linkages by thermol-
ysis, however, the low yields associated with solvolysis leads to high re-polymerisation
issues and lack of selectivity.
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in the presence of Al2O3 support. Standard deviation value: 0.1. Products identified by GC-MS:
(1) 2-methoxyphenol, (2) 4-methyl-2-methoxyphenol, (2A) 4-ethylphenol, (3) 4-ethyl-2-methoxy-
phenol, (4) 4-propyl-2-methoxyphenol, (5) 1,2-dihydroxybenzene, (6A) 2,6-dimethoxyphenol, (7) 4-
(3-hydroxypropyl)-2-methoxyphenol, (8) 4-(3-methoxypropyl)-2-methoxyphenol, (9) 4-methyl-2,6-
dimethoxyphenol, (10) 4-(2-hydroxyethyl)-2,6-dimethoxyphenol, (11) 4-ethyl-2,6-dimethoxyphenol,
(12) 4-propenyl-2,6-dimethoxyphenol, (13) 4-(2-hydroxyethyl)-2-methoxyphenol, (14) 4-propyl-2,6-
dimethoxyphenol, (15) 4-(1-hydroxy-2-methyl-pent-3-enyl)-2,6-dimethoxyphenol. Conditions: 573 K,
20 barg H2, solvent, acetone/water 50:50 v/v.

3.2.6. Effect of Alumina Support

Tests with Al2O3 investigated its stability and whether the support would have an
influence on SCL degradation. Experiments were carried out with Al2O3 while the other
reaction parameters were kept the same. Alumina is involved in many industrial processes
due to its high surface area but also high catalytic surface activity. It has activity in
ethanol and isopropanol conversion [34], alcohol dehydration [35] and H-H, C-H and
C-C bonds activation [36], indicating the possibility of an effect in the breakdown of SCL
chemical structure. Al2O3 with acetone/water gave a poor performance (Figure 2). The
reason behind this may be associated to the high concentration of acetone. Reactivity
of this solvent was reported on the surface of alumina with its adsorption on the Lewis
acidic sites [37] and, when compared to zeolites, acetone activation was found to be faster
with alumina [37]. Thus, competitive reactions on alumina surface between acetone and
lignin fragments could occur, decreasing this solvent capacity in dissolving lignin and
availability of alumina Lewis-Bronsted acid sites to acid-base reactions. Nevertheless,
alumina showed some degree of catalytic activity, compared to solvolysis, with yields of
compounds 1, 4, 5 and 11 slightly increased, and detection of a new compound, 4-methyl-
2,6-dimethoxyphenol (9), as shown in Figure 2. However, overall yield was 3.4 g/100 g,
with alumina mostly promoting condensation reactions as has been reported [38]. Thus,
solvolysis and experiments with Al2O3 were comparably ineffective, giving a similar extent
of SCL degradation and high lignin re-condensation.

3.2.7. Catalysts Screening

Pt/Al2O3, Rh/Al2O3, Ni/Al2O3 and Fe/Al2O3 were compared under the same reac-
tion conditions. Overall monophenolic yield for Pt-, Rh-, Ni- and Fe/alumina was 11.4%,
12.9%, 8.3% and 6.6%, respectively, without ring-hydrogenation activities. These values,
up to three times higher compared to thermolysis and Al2O3 tests, revealed substantial
catalyst chemoselectivity. The negligible contribution from thermolysis or alumina allows
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the assignment of the reaction specificity to the metal. At the studied conditions, acetone
was at a high enough temperature and pressure to reach the supercritical state (SC) [39],
though this is not the case for scH2O [40]. Conditions to reach supercritical fluid in the
reaction could be affected due to intermolecular interactions between the solvents as they
were mixed (acetone/water 50:50 v/v). Still, variations in dielectric constants giving higher
lignin fragment solubility and stabilization were expected [40]. These aforementioned
characteristics, enhancement of hydrogen diffusion, and the presence of heterogenous
catalysts could be among the combined factors associated with improvement in product
formation. Detailed results of each catalyst’s monophenolics yield and distribution is
discussed in the following sections.

3.2.8. Effect of Pt and Rh Noble Metal Catalysts

From Figure 3 it can be seen that most products increased in yield by the addition of
these catalysts. Distribution of guaiacyl and syringyl derived molecules were well balanced,
with higher yields for S unit-products due to the nature of the starting lignin. The main
products were 4-ethylphenol (2A) and 2,6-dimethoxyphenol (6A), with selectivities of ~28%
and ~15% for Pt and ~20% and ~15% for Rh, respectively. These molecules highlighted
similarities in these catalysts’ ability to catalyse dealkylation and deoxygenation, especially
Pt/Al2O3. In Figure 3, it is relevant to note that Pt increased the yield mainly of products 2A,
6A, 11 and 14 whereas Rh increased the yield more generally for most of the products. Thus,
despite rhodium effectiveness, Pt was indeed more selective. Similarly, in experiments with
an ammonia derived lignin [18] even with Pt and Rh giving similar selectivity towards
alkylphenolics, Rh was suggested, in general, as more effective in cleaving alkyl-aryl
linkages. This behaviour of higher selectivity for Pt with SCL, when compared to ammonia
lignin, could lead to the association of selectivity not only to the metal, but also to the less
condensed nature of a lignin.
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These variations found with Rh and Pt were evidenced also in other studies. Bouxin
and co-authors in their study of hydrodeoxygenation of p-methylguaiacol found different
main products from these metals - platinum with greater selectivity to 4-methylcatechol
while rhodium gave cresols [41]. An investigation of the use of these metals to produce
biobased chemicals from Kraft lignin [42] showed best results by Rh, with 30 wt% of
monomer yield. In addition, when studying bibenzyl model compound, Yamaguchi et.al.
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found an effective C-C cleavage by Rh [20]. Thus, rhodium was expected to give higher
overall yield.

Regarding lignin-type linkages, these metals can be involved in more than one reaction
during depolymerisation [43]. For example, hydrogenolysis and hydrolysis were found as
essential to the rupture of C-O in studies with scCO2/water, Rh/C and diphenyl ether [44].
This is relevant considering the lignin complexity and the several steps to finally result in
monophenolics from this biopolymer [23]. For SCL experiments, we found Pt selective, but
Rh had a higher extent of C-C and C-O-C bond rupture, inferring greater intermediates
stabilization by rhodium.

3.2.9. Effect of Ni and Fe Catalysts

Depolymerisation of SCL with Ni/Al2O3 and Fe/Al2O3 gave different selectivity
plots compared to the noble metals (Figure 4). Both had higher yields towards one
specific compound, 4-ethylphenol (2A), followed by 2-methoxyphenol (1) and 4-ethyl-
2,6-dimethoxyphenol (11). Other main products for Ni were 2,6-dimethoxyphenol (6A)
and 4-propyl-2,6-dimethoxyphenol and for Fe 4-ethyl-2-methoxyphenol (3) and 4-(2-
hydroxyethyl)-2,6-dimethoxyphenol (10). Overall, according to Figure 4, if the desired reac-
tion was dealkylation, nickel was appropriate, whereas iron would mainly give branched
type of products. SCL depolymerisation using nickel showed a consistent level of se-
lectivity, with highest yield for 2,6-dimethoxyphenol and 4-ethylphenol. The catalytic
activity of these metals was not a surprise. In the literature, studies with model compounds
using nickel and iron gave a variety of products [22,23], thus, it would be surprising if it
were to be different with a real lignin in reaction with these metals. Song and co-authors
demonstrated depolymerisation of a birch derived lignin through alcoholysis followed by
hydrogenolysis using a nickel catalyst [23]. An α-O-4 bond in benzyl phenyl ether was
cleaved by hydrolysis without catalyst, however, once a nickel catalyst was added, the
predominant route was hydrogenolysis [45]. Interestingly, Jiayue et al. reported bond
cleavage on the Ni surface as the rate determining step in the hydrogenolysis of a 4-O-5
bond [46]. We found that with a real SCL, hydrogenolysis and deoxygenation were also
appreciable when using a nickel-based catalyst. For iron [22], rupture of linkages such
as α-O-4 and β-O-4 gave toluene and phenol. These authors [22] also found relevance in
the position of -OH group regarding to the β-O-4-type molecule, thus, the groups around
the linkages that were cleaved influenced how a reaction proceeds. When Yoshikawa
et al. investigated a two-step process of phenol production from lignin, they reported that
iron oxide favoured catechol and methoxyphenol conversion to molecules like phenols,
cresols and alkylphenols [47]. Many reactions like hydrogenolysis, hydrodeoxygenation,
hydrogenation, dehydration, decarboxylation, and decarbonylation [43,48] can occur in
lignin depolymerisation and the final product depends upon the type of catalyst used.

The findings in this work were not divergent to this aspect, iron and nickel had
different product distributions, nevertheless, our studies showed that compared to noble
metals (Rh and Pt), it was possible to achieve appreciable product yields for the reductive
catalytic hydrogenolysis using lower cost catalysts.

3.2.10. Catalytic Products

Three molecules were detected in the catalytic experiments and identified as follows:
4-ethylphenol (2A), 4-methyl-2,6-dimethoxyphenol (9) and 4-propyl-2,6-dimethoxy-phenol
(14). These were not simple thermal products but came from effective catalytic activity.

Figure 5 presents the selectivity values according to the catalyst used. As regards
product 9, there were similar yields for all. Alumina’s acidic sites can catalyse hydrolysis
and alkylation [45], thus, this product formation, first detected in reaction with only
alumina (Figure 2), was associated with the Al2O3 support with no relevant influence of
the metals.
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ethylphenol, (3) 4-ethyl-2-methoxyphenol, (4) 4-propyl-2-methoxyphenol, (5) 1,2-dihydroxybenzene,
(6A) 2,6-dimethoxyphenol, (7) 4-(3-hydroxypropyl)-2-methoxyphenol, (8) 4-(3-methoxypropyl)-2-
methoxyphenol, (9) 4-methyl-2,6-dimethoxyphenol, (10) 4-(2-hydroxyethyl)-2,6-dimethoxyphenol,
(11) 4-ethyl-2,6-dimethoxyphenol, (12) 4-propenyl-2,6-dimethoxyphenol, (13) 4-(2-hydroxyethyl)-2-
methoxyphenol, (14) 4-propyl-2,6-dimethoxyphenol, (15) 4-(1-hydroxy-2-methyl-pent-3-enyl)-2,6-
dimethoxyphenol. Conditions: 573 K, 20 barg H2, solvent, acetone/water 50:50 v/v.

Once in the presence of metals, major yield differences were observed between com-
pounds 2A and 14. For 4-propyl-2,6-dimethoxyphenol (14), its generation may be in line
with the ability of each catalyst to cleave β-O-4 bonds, as propyl side chain products are
usually generated from this type of linkage rupture [49]. This ability increased as follows:
Rh > Pt > Ni > Fe. Previously [27], temperature programmed reduction (TPR) analysis
showed that uncondensed lignins degraded into smaller fragments in a range < 573 K. As
confirmed by solvolysis, SCL fragmentation also started without the need of a catalyst.
Considering SCL intermediates having ether bonds (β-O-4) present in this mild tempera-
ture process (573 K), and a hydrogen rich environment with suitable catalyst’s metal sites
for its dissociative adsorption, a similar cleavage pathway to selective thioacidolysis [49]
could occur. This could initiate with lignin fragmentation, followed by hydrogenolysis
of Calkyl-O bond of β-O-4 containing intermediates and stabilisation by the intake of a
hydrogen atom at the unstable alkyl chain carbon, finally leading to the formation of a
product such as 4-propyl-2,6-dimethoxyphenol. In this instance, Rh/Al2O3 was the most
efficient catalyst.
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Figure 5. Selectivity of compounds 4-ethylphenol (2A), 4-methyl-2,6-dimethoxyphenol (9), and
4-propyl-2,6-dimethoxyphenol (14) between the four alumina catalysts.

Regarding 4-ethylphenol (2A), while platinum and rhodium catalysts selectively
produced ~20% and 28%, nickel and iron gave ~31% and ~26%, respectively. It is important
to note that nickel, a non-noble metal, had as good a catalytic effect as the noble metals.
Two potential reaction pathways to generate 4-ethylphenol are suggested. First (Figure 6a),
as the yield of 4-ethyl-2-methoxyphenol (3) dropped in the catalytic runs compared to
solvolysis (Figure 3), 4-ethylphenol could come from simple catalytic demethoxylation of
compound 3.

Another route (Scheme 1B) could be related to the chemical structure of SCL, if a
p-coumaryl alcohol-type fragment was derived from SCL depolymerisation, (i) hydrogenol-
ysis could occur in the presence of a heterogenous catalyst, followed by (ii) decarboxylation
giving a 4-vinylphenol-type species as an intermediate, which by (iii) hydrogenation would
result in 4-ethylphenol.

The solvent mixture could also play a key role in the depolymerisation. Hydrolysis
was likely to occur enhancing lignin cracking [50] and acetone can dissolve lignin heavier
fragments [18]. Moreover, at this temperature and pressure, water can interact with organic
molecules and the presence of OH- and H+ favours acid/base catalysed reactions [40].
Various approaches with lignin solvolysis have been proposed [12,26,43]. Kraft and organo-
solv lignins were shown to depolymerise with supercritical acetone and alumina based
catalysts [51] and Erdocia and co-authors described that when a range of lignins were
treated with scmethanol, scethanol and scacetone, this last solvent was shown to be the
best, giving higher oil yield; water was also shown to be more effective when mixed with
another solvent promoting decomposition of lignin [52]. Although there are these effects
from solvolysis, greater conversion of SCL was significantly dependent upon the catalysts
used. The combination of solvent mixture along with appropriate catalyst resulted in
higher overall yield (for Rh/Al2O3) and efficient target molecule generation, especially
non-akylated monophenols (for Ni/Al2O3). Differences between catalysts should be ex-
pected due to the number of different reactions (Scheme 1) often occurring on different
active sites. For example, hydrogenolysis is highly structure sensitive, whereas aromatic
hydrogenation is much less so and both will use different sites. However this gives the
potential for more selective behaviour.
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Figure 6. TPO of spent Pt/Al2O3 catalysts after acetone/H2O reaction with the sugar-cane lignin.
(a) weight loss and derivative weight loss as a function of temperature, (b) evolution of CO2, as
ev-idenced by the increase of m/z 44, as a function of temperature mapping on to the derivative
weight loss.
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Scheme 1. Possible reaction pathways for the formation of 4-ethylphenol. (A) Catalytic demethoxy-
lation of 4-ethyl-2-methoxyphenol resulting in 4-ethylphenol, (B) (i) hydrogenolysis of a p-coumaryl
alcohol lignin fragment (ii) decarboxylation and formation of 4-vinylphenol-type specie as intermedi-
ate, (iii) hydrogenation resulting in 4-ethylphenol.

An ideal type of lignin and a physical, chemical or biocatalytic processes to generate
fine chemicals is yet not established. For effective lignin hydrogenolysis, a combination
of factors must be addressed, such as viability of the substrate (usually controlled by
feedstock), the type of extraction process, depolymerisation-condensation balance, solvent
and catalyst. In this work, it was decided to extend to SCL previous optimisation conditions
found for ammonia-derived lignin [18]. Indeed, catalytic products from SCL could be
successfully obtained at these conditions and the studied catalysts, giving overall yields up
to ~ 3 times higher than thermolysis, however, condensation could not be fully overcome.
It was interesting to make this comparison because, in contrast to ammonia lignin [18]
and SCL, tests with a Kraft lignin [26] using these same reaction conditions showed
no significant effect of catalysts compared to solvolysis, which may be associated to its
recalcitrant degree of condensation (C-C type of bonds), thus, reinforcing the applicability
of lignin structure in hydrogenolysis strategies. Yet, despite of promising results, each
lignin behaved as a unique system and SCL required its own optimisation to give it its full
potential. Overall, this extracted raw substrate had appreciable activity for hydrogenolysis,
providing specific monophenolics only in catalytic tests and according to the type of metal,
giving selectivity up to 32% for 4-ethylphenol using Ni/Al2O3. Most importantly, the
results indicated that control upon selectivity is possible by using an appropriate lignin,
catalyst and solvent mixture.

4. Post-Reaction Catalyst Evaluation

Stability of alumina in the presence of water at high pressure and temperature could
be affected by hydration and Al2O3 phase transition. This has been found [53] in studies
with γ-alumina undergoing transformations to boehmite at 473 K. Here, θ-alumina, which
is considered more stable [18] was used, nevertheless it was of interest to investigate
whether chemical or physical changes occurred with the catalysts. Elemental analysis of
post-reaction Al2O3, Pt/Al2O3 and Ni/Al2O3 revealed that there was carbon laydown
but also traces of hydrogen and nitrogen (Table S1, Supplementary Materials), confirming
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the interaction of lignin and catalyst during the reaction. Following these results, TPO
analysis (Figure 6) also showed the presence of carbonaceous deposits. It is noticeable
that compared to Al2O3 (Figure S1, Supplementary Materials), the metal catalysts had a
higher mass loss (~15%) which would be expected if the carbon deposit was associated
with enhanced interaction between lignin and metal-support system. Looking in detail at
the TPO plots (Figure S1, Figure S2, Supplementary Materials), there was a similar profile
for all catalysts with an initial weight loss at 250 K–380 K, associated with physisorbed
water. Subsequently, a main weight loss between ~400 K and 800 K, which was related to
CO2 evolution, as shown in Figure 6. At this temperature, the adsorbed species could be
pseudo-molecular [41]. There were small events below 700 K for all catalysts indicating
more than one type of carbonaceous deposit. As no further weight loss was observed
above 800 K, no recalcitrant species were present on the surface. In agreement with these
results, Raman spectroscopy revealed (Figure S3, Supplementary Materials) low intensities
of disordered and graphitic bands in the used catalysts. They were associated to D and
G bands [54,55] at ~1380 cm−1 and ~1600 cm−1, respectively and the D/G ratio of 0.1
suggested that there was more slightly ordered carbon species in nature. Previous studies
using Al2O3 and Pt/Al2O3 at the same reaction conditions of this study (with Kraft lignin)
gave no modification in the support’s XRD patterns after reaction [26]. This stability could
be associated to a synergistic effect between the metals and the support [54] preventing
phase transition and the presence of oxygenates in the reaction medium, interacting with
the alumina surface, inhibiting hydrolysis. Finally, BET analysis (Table S2, Supplementary
Materials) revealed an increase in the surface area and decrease of pore volume due to the
deposit of carbon species.

5. Conclusions

In this work, a waste-derived lignin with abundant uncondensed linkages, using
accessible solvents (acetone/water mixture) and low-cost catalysts showed successful
depolymerization with the generation of the target molecules 4-ethylphenol, 4-propyl-2,6-
dimethoxyphenol and 4-propyl-2-methoxyphenol. Lignin was extracted from sugar cane
bagasse and depolymerized in the presence of a series of catalysts at 573 K, 20 barg H2, with
solvent, acetone/water 50:50 v/v. The molecular weight of the lignin was reduced by half
by the catalytic reaction and the polydispersity also decreased showing the presence of less
complex and branched molecules compared to the initial lignin. Specific metals directed
product distribution and yield, with Rh/Al2O3 having the greatest overall yield, but with
Ni/Al2O3 showing the highest selectivity to a given product (~32% to 4-ethylphenol).
Mechanistic routes were proposed either from lignin fragments or from the main polymer.
Catalysts showed evidence of carbon laydown that was specific to the lignin rather than
the catalyst.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomass1010002/s1, Figure S1 TPO plot (left) and derivative weight loss (right) with CO2 m/z
44 evolution of spent Al2O3 catalyst after acetone/H2O reaction with the sugar-cane lignin, Figure
S2 TPO plot (left) and derivative weight loss (right) with CO2 m/z 44 evolution of spent Ni/Al2O3
catalyst after acetone/H2O reaction with the sugar-cane lignin, Table S1 Elemental analysis of spent
alumina catalysts in SCL depolymerisation, Raman spectrum of spent Al2O3 support, Pt/Al2O3 and
Ni/Al2O3, Table S2 BET analysis of spent Al2O3, Pt/Al2O3 and Ni/Al2O3..
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