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Lignocellulosic biomass offers a sustainable alternative to traditional raw materials. However, its complex
structure, and particularly the presence of lignin, presents a significant challenge for its conversion into valuable
products. This study explores the catalytic performance of magnesium oxide (MgO) based materials for the se-
lective delignification of lignocellulosic waste and concomitant carboxylic acids production. Different MgO
samples have been synthesized through various synthetical methods with the purpose of promoting the selective
delignification of a lignocellulose waste while minimizing the degradation of other polymers (cellulose and
hemicellulose). The resultant lignin-free holocellulose solid after selective depolymerization might be used in
subsequent fermentation processes. The catalytic results demonstrated that MgO synthesized by a sol-gel method
exhibited the highest catalytic activity, achieving ca. 90 % lignin conversion with minimal degradation of cel-
lulose and hemicellulose and outstanding production of carboxylic acids (ca. 30 % of the carbon of the degraded
polymers was converted into carboxylic acids). The high concentration of medium-strength base sites combined
with significant macroporosity are crucial for enhancing the catalytic performance of MgO-based catalysts.
Importantly, these results were achieved under mild conditions (120 °C) using water as a solvent and without
addition of external oxidant agents. Furthermore, the study observed a significant production of valuable (di)
carboxylic acids, such as fumaric acid during the depolymerization process over optimized MgO catalyst. This
research provides valuable insights into the potential of MgO as a sustainable catalyst for the selective conversion
of lignin present in lignocellulosic biomass into valuable chemicals and biofuels.

1. Introduction

Lignocellulosic biomass represents a crucial renewable resource for
the partial or total substitution of conventional raw materials. Numerous
studies have demonstrated its potential to be transformed into biofuels,
chemicals and high value-added materials capable of replacing products
traditionally derived from petrochemical refineries [1,2]. However, the
rapid expansion of the global economy has led to an unsustainable
accumulation of waste [3], with an estimated 181.5 billion tons of
lignocellulosic wastes generated annually [4]. Lignocellulosic biomass
primarily consists of cellulose (40-50 %), hemicellulose (25-35 %) and
lignin (15-20 %). Due to their complex composition and structure, a
wide variety of chemical products of interest can be obtained but are
usually reached with poor selectivity [5].

Structurally, lignocellulosic biomass is organized into crystalline and

amorphous domains. The crystalline fraction comprises cellulose fibrils,
while the amorphous region contains hemicellulose and lignin [6].
Hemicellulose acts as a binding agent, reinforcing the
cellulose-hemicellulose-lignin network. [7]. The amorphous lignin het-
eropolymer, is composed of phenylpropane units (p-coumaryl, coniferyl,
and sinapyl alcohol) interconnected by various types of linkages. This
amorphous heteropolymer is water-insoluble and optically inactive,
making its degradation particularly challenging. [6]. The solubility of
lignin in acid, neutral or alkaline environments depends on the mono-
meric composition of the lignin (p-coumaryl, coniferyl, sinapyl alcohol
or combinations of them) [8].

Despite the challenges associated with lignin, the complex structure
of this polymer offers a significant opportunity for selective trans-
formation into valuable products. Catalytic methods, particularly those
based on metal oxides, have attracted considerable attention due to their
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advantages over traditional techniques such as dissolution or pyrolysis-
based degradation [9]. Metal oxides, including alkali metal oxides like
strontium oxide (SrO), calcium oxide (CaO), barium oxide (BaO), and
magnesium oxide (MgO), provide high specific surface areas, adjustable
acid-base properties, and reliable performance in biomass depolymer-
ization [9]. NaOH as a homogeneous catalyst has been also widely used
for delignification, achieving up to 84.5 % efficiency [10,11], but it
presents drawbacks like difficult separation and corrosive environments,
which are addressed by basic heterogeneous catalysts, offering easier
recovery, lower corrosivity, and sustainable operation.

Among alkali metal oxides, MgO emerges as an effective option,
offering high basicity and thermal stability, which allows its application
under moderate reaction conditions [12,13]. Previous investigations
have demonstrated the potential of MgO for the depolymerization of
lignin, reaching lignin removal ratios up to 24 % [14]. This efficiency is
increased up to 86 % using further oxidants, such as HyO4 or O, [15], or
85 % when MgO was dopped with other metals such as La or Ni [16].
However, a few studies have explored the exclusive use of MgO under
moderate conditions without additives. The present study investigates
the catalytic performance of MgO synthesized through different
methods to optimize its activity and selectivity for lignocellulosic waste
depolymerization [17].

The catalytic reactions were performed under moderate conditions
(<150 °C), at autogenous pressure, without the use of additional oxi-
dants (O3 or Hy05), and employing water as the sole solvent without
further processing. This approach avoids traditional methods such as
pyrolysis and the associated costs. Unlike most bio-oil processing
methods, which predominantly target bio-oil production, this research
focuses on the selective production of carboxylic acids [18-22]. Car-
boxylic acids are molecules with high-added value since they are
involved in the synthesis of an extensive family of polymers, including
polyesters and polyamides [23]. Additionally, carboxylic acids find
extensive applications across various industries, such as cosmetic,
pharmaceutical, chemical, food, and emerging fields like medical tech-
nologies, hydrogen production and bio-oils development [24-29].
Hence, the main objective of this study is to evaluate different
MgO-based catalysts for the selective delignification of lignocellulosic
waste and the co-production of high-value carboxylic acids. The work
aims to determine the relationship between the physicochemical prop-
erties and the macroscopic catalytic activity of the catalysts (selective
delignification and carboxylic acids production).

2. Experimental
2.1. Source of lignocellulosic waste

The lignocellulosic waste (LW) was collected from an urban waste
treatment facility located in Madrid (Spain), mainly composed of prune
and gardening wastes. Before catalytic depolymerization, the biowaste
was blended and homogenized by a blade mill and screened to achieve a
particle size of less than 10 mm.

2.2. Chemicals

Glucose (99.99 %), manose (99.99 %), xylose (99.99 %), arabinose
(99.99 %), non-volatile fatty acid standard mix (NVFA) (>99.99 %),
volatile free acid mix (VFA) (>99.99 %), were purchased from Sigma-
Aldrich, Spain. Water (Mili-Q quality, Millipore, Spain) was used as a
solvent. MgO materials were prepared by using the proper magnesium
precursor and chemicals purchased from Sigma-Aldrich, Spain: Mg
(NO3)2-6H20 (>99.99 %), ethylene glycol (>99 %), Mg(OH), (>99 %),
benzoic acid (>99.5 %), MgCl,-6H20 (>99.99 %), NaOH (>98 %), MgO
(>99.99 %), Mg(OCyHs)s (98 %), ethanol (>99.8 %) and toluene
(>99.5 %).
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2.3. Preparation of different MgO-based catalysts

Different MgO-based catalysts were synthesized using distinct syn-
thetic protocol methods as follows:

MgO (I) sample was synthesized by the sol-gel method using 8.63 g
of the precursor Mg (NOs)s, 2 mL of ethylene glycol, and 2 mL of water.
The mixture was stirred for 30 min at room temperature and afterwards
calcined with a temperature ramp of 10 °C/min up to 600 °C and kept at
this temperature for an additional 2 h [30].

MgO (II) sample was prepared by the direct calcination of com-
mercial Mg (OH); using the same thermal program as that of the MgO (I)
material [31].

MgO (III) sample was synthesized using a hydrothermal method to
obtain the Mg (OH), precursor. 2.0 g of MgCl, and 0.12 g of benzoic acid
were dissolved in 60 mL water with sonication at room temperature and
stirred for 10 min. Then, 20 mL of NaOH solution (2M) was added
dropwise to the mixture with a vigorous stirring. The slurry was trans-
ferred to a 100 mL autoclave and heated to 180 °C for 24 h. The obtained
Mg (OH), precursor was washed with deionized water and dried at 80 °C
under vacuum overnight after filtration. The MgO material was obtained
after calcination of the synthesized Mg (OH); with a temperature ramp
of 10 °C/min at 500 °C and kept at this temperature for an additional 6 h
[32].

MgO (IV) sample was synthesized by reconstruction of a commercial
MgO. Typically, 500 mg of commercial MgO was boiled in water for 5 h,
followed by drying at 120 °C overnight. The obtained Mg (OH); pre-
cursor was calcined at 500 °C for 6 h under a vacuum system [32].

2.4. Characterization techniques for MgO-based catalysts

The presence and identification of crystalline phases of the synthe-
sized catalysts was evaluated by XRD performed in a Philips X’Expert
unit using Cu-Ka radiation in the 20 angle range. The data were collected
from 5 to 90° (20) with a resolution of 0.02° by using the crystalline
refinement with X’Pert HighScore Plus software. Database utilized for
the identification of XRD peaks is the Crystallography Open Database,
specifically the version designated COD23_HS4. For MgO the reference
was COD 96-900-6458 [33].

Textural properties were determined by nitrogen adsorption-
desorption isotherms using a Micro Active Tristar Plus II (Micro-
metrics). The samples were autogassed using a heating rate of 5 °C/min
until 87 K, and the desorption was made using a heating rate of 5 °C/min
until 300 °C and kept for 3 h. The specific surface area was calculated by
the Brunauer-Emmett-Teller method (Sggr) [34]. The macroporosity of
the different samples was evaluated using the Micromeritics Micro-
Active AutoPore V9600 through mercury intrusion porosimetry under
varying pressures. The Maximum Incremental Intrusion of mercury
(MII) and Median Pore Diameter (MPD), defined as the pore diameter at
which 50 % of the total mercury intrusion has occurred, were calculated.

Thermal Programmed Desorption of CO, analysis was performed
(TPD-COy) to determine the amount and relative strength of the basic
sites of the MgO-based catalysts. The analysis was carried out in a
Micrometrics In-situ Catalyst Characterization system (ICCS) equipped
with a micro temperature controller SW48 from Ditel. To condition the
sample for the analysis, a pre-treatment of 30 min at 550 °C was first
carried out, followed by CO5 adsorption at 100 °C for 30 min. After-
wards, a physical desorption step at 100 °C in a helium atmosphere is
performed for 15 min, and finally, the chemical desorption was per-
formed by heating up to 800 °C under helium atmosphere, with a
heating ramp of 10 °C/min [35]. During the chemical desorption, the
amount of CO, release with the temperature is monitored to calculate
the amount and relative strength of the different basic sites of the MgO
materials.

Scanning Electron Microscope (SEM) was carried out to observe the
morphology of the samples using the Phenom XL G2 Desktop SEM.
Transmission Electron Microscopy (TEM) has been performed to
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visualize morphology in more detail together with the estimation of the
interplanar distance using the JEM 2100HT.

2.5. Catalytic depolymerization tests of lignocellulosic waste

The catalytic reactions were conducted in a multi-reactor (12 plus
carousel, Radleys) with 12 positions. Each position consists of a 15 mL
glass tube reactor stirred with a magnetic bar. Typically, 0.1 g of the
previously dried lignocellulose material was mixed with 20 wt% of
catalyst and 5 mL of ultrapure water. The tube was then sealed and
placed in the carousel, previously heated to a determined temperature
for different reaction times. At the end of the reaction, the solid mixture
composed of the non-reacted lignocellulosic solid and the catalyst was
separated from the aqueous phase by filtration and then was dried at
110 °C overnight. Afterwards, the catalyst and the unreacted lignocel-
lulose were separated through a sieve with an aperture size of 0.1 mm.
The remaining lignocellulosic solid was characterized to monitor the
delignification process (see section 3.6) whereas the recovered catalyst
is used in a successive catalytic cycle to study its reusability. The
composition of the liquid phase was characterized by means of HPLC
chromatography (see section 3.6).

2.6. Analytical techniques for monitoring catalytic depolymerization of
the lignocellulosic waste

The raw lignocellulosic waste and non-reacted lignocellulosic solid
resultant of the catalytic hydrothermal depolymerization were charac-
terized by different techniques [36].

X-Ray diffraction analysis (XRD) was carried out with a Philips X’
Pert PRO diffractometer (Malvern Panalytical, Netherlands). The XRD
spectra were recorded from O to 90° (20) with a resolution of 0.02° using
the Cu-Ka radiation for samples previously dried at 100 °C overnight.
The crystallinity index (CrI) of the lignocellulosic solids [37].

21002 — Iamorphous % 100

Crl
Tooz

(Eq.1)

Where:

I go2: maximum intensity of the diffraction peak at 20 = 22.5° (cor-
responding to Miller index 002).

I amorphous: intensity at 20 = 18.7°.

Scanning electron microscopy (SEM) and Infrared Spectroscopy (IR)
were employed to determine the morphology and functional groups of
fresh lignocellulosic waste and non-reacted lignocellulosic solids after
catalytic hydrotreatment. Scanning electronic microscopy was carried
out using a Phenom XL G2 Desktop SEM. Fourier Transform Infrared
Spectroscopy FTIR was performed by Attenuated Total Reflectance
method (FTIR-ATR) between 400 and 4000 cm ™! using a Spectrum 100
system (PerkinElmer, US).

The mass conversion of the lignocellulosic waste was calculated by
means of Eq. (2).

m® —m’

X (%) ="

-100 (Eq 2)

Where:

m°: the initial mass of the lignocellulosic waste.

m': mass of the resultant solid fraction after the hydrothermal cata-
lytic depolymerization.

Elemental and thermogravimetric analyses were used to monitor the
carbon mass conversion as well as the specific conversion of each
polymer present in the lignocellulosic residue (cellulose, hemicellulose
and lignin). Elemental analysis was conducted using a HCNS-O Flash
2000 analyzer (Thermo Fisher Scientific). The analysis of samples was
performed by triplicate and an average value was obtained with its
experimental error. The carbon mass conversion was also calculated
using carbon elemental analysis data (Eq. (3)).
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(Eq. 3)

Where:

m¢: carbon mass in the fresh lignocellulosic waste.

m: carbon mass in the remaining solid after hydrothermal catalytic
treatment.

Thermogravimetric analysis (TGA) using a TGA-DSC1, Mettler-
Toledo, S.A.E was used to determine the composition of each lignocel-
lulosic polymer “p” as cellulose, hemicellulose and lignin, according to
the previous method described in literature [36]. Details of the tem-
perature program used for the TGA analysis, as well as a typical TGA
profile of the fresh lignocellulosic waste are provided in Figure S1 and
Figure S2, respectively. In these analyses, an initial small mass loss is
observed below 100 °C attributed to the presence of water (ca. less than
5 wt %). A subsequent mass loss at 400 °C is associated with the
degradation of cellulose and hemicellulose, while mass losses occurring
at 600 °C and above are attributed to lignin decomposition. To accu-
rately determine the weight fraction of each polymer of the solid, the
TGA peaks were deconvoluted using the Origin software (Fig. S3),
considering the water content and the final solid residue. These weight
percentages and the total solid mass allow us to measure the amount of
each polymer in the solid (mp) for the fresh residue and the remaining
solid fraction after the hydrothermal catalytic treatment. Consequently,
the conversion of each polymer (X;) after the hydrothermal catalytic
treatment (X cellulose, Xy hemicellulose and Xj, lignin, respectively)
was calculated according to Eq. (4):

md —
X, (%) :%.100
P

(Eq. 4)

Where:

mY: initial mass of the polymer in the fresh lignocellulosic waste.

mF' mass of the pol i ini i

p: polymer in the remaining solid after the hydro-

thermal catalytic treatment.

To monitor the delignification of the solid during the hydrothermal
catalytic treatment, a selective lignin removal (SLR) parameter has been
defined as follows (Eq. (5))

L
SLR:m—£ (Eq. 5)
My
Where:
m¢ I converted grams of lignin after the catalytic hydrothermal
treatment.

m¢ *: converted grams of all the polymers (lignin, hemicellulose and

cellulose) after catalytic hydrothermal treatment.

The analysis of the aqueous solution after the catalytic hydrothermal
depolymerization was carried out by means of High-Performance Liquid
Chromatography (HPLC) with an Agilent 1260 Infinity chromatograph
equipped with a refractive index (RID) G13662A detector and using a
Hi-Plex H column (300 x 7.7 mm) from Phenomenex. Before the anal-
ysis, liquid samples were filtered through a cellulose-ester filter of 0.2
pm of pore size. The analyses were performed at 65 °C on the column
and using 1 mL/min of 0.005M H3SO4 as the eluent. The quantified
compounds have been grouped in four families: (i) monomeric sugars
coming from the hydrolysis of cellulose and hemicellulose (i) VFAs
including formic acid, acetic acid, propanoic acid, butyric acid, iso-
butyric acid, valeric acid, iso-valeric acid, hexanoic acid and hepta-
noic acid (iii) NVFAs including oxalic acid, oxaloacetic acid, lactic acid,
succinic acid, malonic acid, pyruvic acid and fumaric acid and (iv)
finally other compounds not identified by HPLC (sugar oligomers from
carbohydrates, degradation aromatic compounds from lignin and by-
products arising from further secondary reactions). In order to
monitor the hydrothermal catalytic depolymerization of polymers into
soluble organic compounds (sugars, VFAs, NVFAs and other degradation
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Table 1
Chemical composition of milled-treated feedstock (on dry
weight basis).

Parameter Value
Polymer distribution

Cellulose (wt. %) 41.7 £5
Hemicellulose (wt. %) 308+5
Lignin (wt. %) 242 +5
Ash (wt. %) 32+5
Elemental analysis

Hydrogen (wt.%) 5.8+ 0.2
Carbon (wt.%) 59.1 +£ 0.5
Nitrogen (wt.%) <0.1
Sulphur (wt.%) <0.1
Oxygen (wt.%) 35.0+0.4
Crystallinity index

Crl (%) 61.7
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Fig. 1. XRD diffractograms of the different MgO synthesized samples.

products), the following parameters were calculated in terms of carbon
mass.

- Carbon yield of the compound i.

mi
_ "%
Yi(%) 7m—g~100 (Eq. 6)
Where:
m: mass of carbon transformed into compound i (sugars, NVFAs and
VFAs) measured by HPLC.
mY: mass of carbon of the initial lignocellulosic waste by HCNOS
analysis.

- Carbon selectivity towards the compound i.

Y;
$i(%) = 5100

c

(Eq. 7)
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- Carbon selectivity towards other compounds not identified by HPLC.

Sorners (%) =100 = " Si(%)

Finally, the aqueous phase after the catalytic hydrothermal depoly-
merization was also analyzed by ICP-OES to evaluate a partial solubi-
lization of Mg species within the reaction medium during the catalytic
reaction.

(Eq. 8)

3. Results and discussion
3.1. Characterization of the initial lignocellulosic waste

Table 1 summarizes the characterization data of fresh LW in terms of
the polymer components, elemental analysis and crystallinity index. The
percentage of characteristic polymer domains (cellulose, hemicellulose
and lignin) determined by TGA are consistent with typical values re-
ported for lignocellulosic wastes in the literature [38]. Elemental anal-
ysis revealed negligible content of N and S, which were lower than the
detection limit of the equipment. Interestingly, the LW showed a mod-
erate crystallinity index (CrI) of ca. 62 %, a factor known to critically
influence catalytic degradation. High Crl values are associated with
reduced accessibility of the lignocellulosic matrix to the active sites of
the catalyst, as reported in previous studies [22,39].

3.2. Physicochemical characterization of MgO-based catalysts

Fig. 1 shows the XRD pattern of MgO nanoparticles synthesized using
the methods described in the experimental section. Key structural pa-
rameters, including average crystallite size (estimated using Scherrer’s
formula), space group, and unit cell volume are summarized in Table 2.
The diffraction peaks at 26 values of 36.7°, 42.7°, 62.1°, 74.4°, and 78.4°
correspond to distinct crystallographic planes, which are indexed based
on the crystalline structure and indicated in Fig. 1. Additionally, a
schematic representation of the unit cells is provided in Fig. S4, con-
structed using the database allocated in Materials Project free software.
As clearly shown, the synthesized MgO-based materials exhibit different
spatial structures depending on the synthesis method employed. The
absence of additional peaks in the XRD pattern confirms the high purity
of the synthesized MgO materials.

As shown in Table 2, the synthesis method also significantly affects
the crystallite size. The smallest crystallite size is observed for MgO (I)
sample synthesized using the sol-gel method, while the largest corre-
sponds to MgO (II) sample synthesized using Mg(OH), as a precursor.
Other crystalline parameters, such as the unit cell volume, also vary
notably depending on the synthesis route. Specifically, the unit cell
volume decreases significantly from 74 A3 for MgO (I) to 47 A3 for MgO
(v), 31 A3 for MgO (I1I), and finally, the lowest value of 29 A3 for MgO
(II). The unit cell volume is directly related with the interaction of the
material with substrates; larger volumes generally indicate stronger
substrate interactions [40].

The morphology of the materials was studied using FESEM, as shown
in Fig. S5-S8. The SEM images reveal clear morphological differences
among the materials with macro and mesoporous domains which also
correlate with their crystalline structures. In the case of MgO (I), a
higher prevalence of hexagonal plates characteristic of cubic crystalline
structure were observed (Fig. S5). In contrast, MgO (II) and MgO (III)

Table 2
Characterization results of MgO — based materials.
Average crystal size (nm) Crystalline structure/Space group Volume (10\3) MPD (nm) Porosity (%) MIL (cm3/ 2) mmol COy/g
MgO () 12.84 Cubic/Fm-3m 74.78 4217 77.4 0.586 23.1
MgO (II) 21.85 Triclinic/P1 29.73 2228 86.1 0.329 9.9
MgO (III) 13.65 Triclinic/P1 31.29 125 75.1 0.235 13.5
MgO (IV) 16.18 Monoclinic/P1 47.75 262 72.1 0.039 10.8
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Fig. 2. (a) Total biomass conversion. (b) Cellulose, hemicellulose and lignin
conversions. (¢) Family products in the liquid phase in terms of carbon selec-
tivity. Reaction conditions: 120 min, 120 °C, 20 wt% catalyst loading referred

to the LW mass, 0.1 g of LW and 5 mL of H,O.
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(Fig. S6 and S7), exhibited more diverse morphologies, including elon-
gated plates associated with triclinic structures. Finally, for the catalyst
MgO (IV) (Fig. S8), crystals with a needle-like morphology were
observed, consistent with a monoclinic crystalline structure.

Fig. S9 shows the mercury adsorption tests of the different MgO
based catalysts. Although porosity values were quite similar, the
Maximum Incremental Intrusion of mercury (MII) and Median Pore
Diameter (MPD) displayed large differences between all the materials
(Table 2). MgO (I) sample depicts the highest MII and MPD values
indicating a greater quantity of macropores and larger pore sizes.
Additionally, nitrogen adsorption-desorption isotherms were used to
further investigate the surface area and the porous characteristics of the
synthesized MgO samples (Fig. S10 and S11). All the samples displayed
type III isotherms, typical of macroporous materials, according to the
IUPAC classification [41].

Fig. S12 shows CO,-TPD desorption profiles [42] whereas the overall
basicity values for the different synthesized MgO samples are summa-
rized in Table 2. Basic sites in the temperature range of 45-150 °C are
weak in nature and are associated with surface hydroxyl groups.
Medium-strength basic sites, attributed to Mg?*-0% pairs, are observed
between 150 and 300 °C. Strong basic sites, typically related to
low-coordinated oxide species, are detected above 400 °C. The basicity
of the samples decreases in the following order: MgO (I) > MgO (III) >
MgO (IV) > MgO (II). However, the distribution of basic sites varies
significantly depending on the synthesis method. MgO (I) predomi-
nantly exhibits medium-strength basic sites (86 %) and also shows the
highest absolute basicity (23.1 mmol CO5/g). In contrast, for MgO (II),
synthesized from Mg(OH),, the total basicity drops significantly to 9.9
mmol COy/g, accompanied by an increase in strong basic sites and a
reduction in medium-strength sites.

These characterization results clearly demonstrate that the synthesis
method induces significant changes in the structure and base properties
of the final materials which might be crucial for their catalytic perfor-
mance in the hydrothermal catalytic depolymerization reactions.

3.3. Catalytic depolymerization of lignocellulosic waste

3.3.1. Screening of the different MgO-based catalysts

Catalytic hydrothermal depolymerization was performed over the
different MgO-based catalysts under selected reaction conditions (120
min, 120 °C, 20 wt% catalyst loading referred to the LW mass, 0.1 g of
LW and 5 mL of H,0). Additionally, a blank experiment in the absence of
a catalyst was included to evaluate the performance of the hydrothermal
treatment at 120 °C as itself. Fig. 2 (a) and (b) show the total biomass
and the polymer conversions respectively whereas Fig. 2 (c) displays the
percentage of the sugars, VFA and NVFA in the liquid phase (in terms of
carbon selectivity) and Table 3 summarizes absolute VFAs and NVFAs
concentrations within the aqueous solution.

A variation on the total conversion of LW ranging from 23 % to 38 %
was observed depending on MgO-based material (Fig. 2 (a)). Interest-
ingly, the non-catalytic test achieved a total conversion of about 27 %,
which is near the value of the less active MgO (II) based materials which
reveal that the hydrothermal treatment promotes an important solid
conversion of the LW. However, the results regarding the individual
cellulose, hemicellulose and lignin removals displayed remarkable dif-
ferences for the different catalysts and non-catalytic test (Fig. 2 (b)). The
hydrothermal treatment in absence of catalyst showed low conversions
and non-selective conversion between cellulose, hemicellulose and
lignin. The incorporation of MgO-based materials produced a selective
enhancement of the lignin conversion, which increased significantly
from 38 % up to 90 %. The cellulose and hemicellulose conversions were
always lower than the lignin ones and selective conversion of lignin
versus cellulose/hemicellulose varied depending on the MgO-based
materials. MgO (I) stands out as the most selective catalyst for deligni-
fication, achieving cellulose, hemicellulose and lignin conversions of
1.3 %, 22 % and 90 %, respectively, corresponding to a SLR value of 0.76
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Table 3
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Carboxylic acids concentration after hydrothermal catalytic treatment over MgO based catalysts. Reaction conditions: 120
min, 120 °C, 20 wt% catalyst loading referred to the LW mass, 0.1 g of LW and 5 mL of H,0.

Concentration (g/L) No catalysts MgO (I) MgO (II) MgO dII) MgO (1IV)
Succinic acid 0.00 0.08 0.00 0.00 0.00
Fumaric acid 0.00 0.97 0.00 0.00 0.00
Pyruvic acid 0.00 0.82 0.00 0.00 0.00
Lactic acid 0.00 0.15 0.10 0.06 0.06
Oxalic acid 0.00 0.77 0.07 0.03 0.03
Oxalacetic acid 0.00 0.00 0.47 0.00 0.00
Malonic acid 0.00 0.00 0.14 0.01 0.01
Total NVFAs 0.00 ﬁ 0.78 0.10 0.11
Formic acid 0.00 0.52 0.32 0.02 0.02
Acetic acid 0.00 1.00 0.58 0.04 0.04
Propionic acid 0.00 0.19 0.02 0.00 0.00
Isobutyric acid 0.00 0.00 0.00 0.00 0.00
Butyric acid 0.00 0.00 0.00 0.00 0.00
Hexanoic acid 0.00 0.00 0.00 0.00 0.00
Heptanoic acid 0.00 0.00 0.04 0.00 0.00
Total VFAs 0.00 1.71 0.96 0.06 0.06
(indicating that 76 % of the converted polymers is lignin). In contrast,
the blank catalytic run and the rest of the catalyst showed a lower se- W
lective delignification as reflected by significantly lower SLR values.
The lignin in the LW contains many functional groups such as hy- =
=
droxyl groups, carboxyl groups and aromatic rings. Since all the re- < 304
actions took place in neutral water, the ionization of the carboxylic f_;‘
groups resulted in a negative charge on the lignin. In fact, the literature § MgO (I)
reports a zeta potential of lignin at neutral pH of —21.87 mV [43], while _§
under the same pH conditions, MgO has a positive surface charge [44]. 2 201
Therefore, attractive electrostatic interactions occur between the LW —é;”
and the MgO surface. Furthermore, the cationic interactions between P
Mg?* and LW strengthen these binding forces, facilitating the depoly- 9 MgO (1)
merization of the lignin fraction [43,45]. This would explain the selec- ;»? 104
tive depolymerization of the lignin that makes up the LW. 8
The reaction aqueous phase was evaluated by ICP-OES to verify that Ei MgO (IV)
none of the tested catalysts underwent significant dissolution into the © 04
reaction medium during the catalytic reaction. The Mg leaching was MgO (IIT)
found to be below 2 % for all the catalyst tested (MgO (I) 1.01 %, MgO r - : : r . r
(I 1.56 %, MgO (III) 1.67 % and MgO (IV) 1.67 %), confirming the 0 1000 2000 3000 4000 5000

stability of the catalysts under the hydrothermal reaction conditions
[46]. This negligible leaching may also explain the slight increase of the
PH up to 9.5 after the catalytic process.

Regarding the analysis of the family products analyzed in the liquid
phase after the catalytic depolymerization reactions (Fig. 2 (c)), the
catalyst that resulted in a better performance was also the MgO (I)
material, with a carbon selectivity of 11.2 %, 18.3 % and 3.2 % of VFAs,
NVFAs and sugars, respectively (that means ca. 30 % of the carbon in the
initial LW is transformed into marketable carboxylic acids). It must be
noteworthy the high production of (di) carboxylic acids in NVFA group
for this material as one of the important achievements of an effective
catalytic depolymerization of LW (Table 3). MgO (I) gave an interesting
mixture formed by oxalic, fumaric and pyruvic acids in approximately
the same concentration. MgO (I) produced the highest quantity of
fumaric acid, which is among the acids with a major value as a

Median pore diameter (nm)

Fig. 3. Carbon selectivity towards carboxylic acids (%) vs median pore diam-
eter (nm) of the different MgO based catalysts.

pharmaceutically active substance and in the production of polyester
resins [47]. The other MgO-based materials yielded a significant lower
production of VFAs and NVFAs.

Finally, the catalytic performance of the MgO-based materials was
correlated with specific parameters obtained from the physicochemical
characterization. The highest selective lignin removal was achieved for
MgO (I) sample, far from those values obtaining for the rest of the MgO
materials. This behavior appears to be associated with the combination
of medium-strength basicity and extensive macroporosity. MgO (I)
exhibited the highest density of medium-strength basic sites (Fig. S12),
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Fig. 4. (a) Total biomass conversion. (b) Cellulose, hemicellulose and lignin
conversions. (¢) Family products in the liquid phase in terms of carbon selec-
tivity. Reaction conditions: MgO (I) as catalyst, 120 min, 120 °C, 20 wt%
catalyst loading referred to the LW mass, 0.1 g of LW and 5 mL of H,0.

likely responsible for its selective delignification capability, as well as
the highest degree of macroporosity (Table 2), which enhances lignin
accessibility to the active sites. Although MgO (II) showed significant
macroporosity, its lower overall density of basic sites seems to limit both
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biomass conversion and subsequent carboxylic acid production. For
MgO (III) and MgO (IV), the intermediate basicity values coupled with
reduced macroporosity resulted in a less selective lignin conversion of
the lignocellulosic waste. Notably, macroporosity appears to play a key
role in promoting the production of carboxylic acids. As shown in Fig. 3,
a linear correlation was observed between the carbon selectivity to-
wards carboxylic acid production and the median pore diameter ob-
tained from mercury intrusion porosimetry. Additionally, it was evident
that a higher proportion of strong basic sites promotes the depolymer-
ization of cellulose and hemicellulose, as exemplified by MgO (IV),
which achieved a hemicellulose conversion of approximately 50 %.

3.3.2. Effect of temperature and reaction time in the catalytic performance
of MgO (D

Due to the high selectivity on lignin conversion and the high selec-
tivity towards the products of interest, the most adequate catalyst to
selectively transform lignin polymer into products of interest is MgO (I).
Thus, the influence of temperature and the kinetics over this MgO (I)
catalyst was further evaluated.

The effect of temperature was studied in the range of 100-140 °C.
Fig. S13 and Table S1 show the conversion results using MgO (I) as
catalyst after 120 min of reaction. When examining the total solid and
lignin conversion, no significant difference is observed with varying
reaction temperatures but 120 °C allows a better selective removal of the
lignin. However, the carbon selectivity toward carboxylic acids in-
creases as temperature rose from 100 °C to 120 °C, indicating that higher
temperatures favor the depolymerization towards the formation of
valuable products. In contrast, increasing the temperature further up to
140 °C leads to the decrease of NVFA and VFA products in the aqueous
effluent. Therefore, under the tested reaction conditions the optimal
temperature for promoting a higher production of carboxylic acids is
120 °C.

Fig. S14 shows the results of the reaction kinetics of the MgO (I)
tested at 120 °C, where it can be observed that, from the early beginning,
the reaction exhibited high selectivity toward lignin conversion, with
SLR values over 0.75. On the other hand, the production of carboxylic
acids increases significantly after 30 min of reaction and thereafter de-
creases gradually due to the transformation of the previously formed
carboxylic acids to other compounds induced for secondary reactions. It
must be noted that just 30 min of reaction can be considered as an op-
timum value to maximize the production of carboxylic acids. Therefore,
treatment intensity (temperature and time) must be controlled to carry
out a selective delignification accompanied by an optimum production
of carboxylic acids.

3.3.3. Catalyst stability of MgO (1)

Finally, MgO (I) catalyst was reused in two additional catalytic runs
at 120 °C to check its stability. Fig. 4 (a) and (b) show the total solid and
polymers conversions for the MgO (I) catalyst after two uses. It was
observed that the catalyst loses the selective degradation of the lignin
after the reuse with a significant decrease of SLR parameter. Table 4
shows how the concentration of NVFAs type products changes practi-
cally from the second use where a large amount of oxalacetic acid was
observed. Regarding the distribution of VFAs, note that as the catalyst
was reused, more formic acid and less acetic acid were produced.

To justify the different catalytic performance of the MgO catalysts in
the second catalytic run, the recovered catalyst after the first catalytic
run was characterized. Fig. S15 (a) shows the XRD of the recovered
catalyst in comparison with the fresh one where a diffraction pattern
corresponding to the formation of Mg (OH); is clearly observed. The Mg
(OH), formation must be attributed to the hydrothermal conditions of
the reaction [48]. Moreover, this change in the XRD diffraction pattern
is corroborated by the CO5 TPD analysis (Figure S15 (b)) where strong
basic sites arising from the Mg (OH), formation are clearly evidenced
accompanied with the decrease of medium basic sites that were pre-
dominant in the fresh MgO (I) sample. The formation of these strong
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Table 4
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Final NVFAs and VFAs concentration (g/L) of catalyst after different catalytic cycles.

Concentration (g/L) 15t Use 2" Use
Succinic acid 0.08 0.37
Fumaric acid 0.97 0.00
Pyruvic acid 0.82 0.00
Lactic acid 0.15 0.05
Oxalic acid 0.77 0.30
Oxalacetic acid 0.00 3.10
Malonic acid 0.00 0.00
Total NVFAs 2.78 _
Formic acid 0.52 0.33
Acetic acid 1.00 0.04
Propionic acid 0.19 0.01
Isobutyric acid 0.00 0.10
Butyric acid 0.00 0.01
Valeric acid 0.00 0.00
Hexanoic acid 0.00 0.00
Heptanoic acid 0.00 0.00

Total VFAs
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Fig. 5. FTIR spectra of LW before and after catalytic treatment with MgO (I).

basic sites would explain the change in the catalytic performance.
Therefore, further efforts should be directed toward modifying the MgO
(I) catalyst to enhance its stability under reaction conditions.

Finally, the changes suffered by LW after catalytic hydrothermal

treatment have been elucidated by means of FTIR (Fig. 5). FTIR shows a
peak around 1032 cm ™! corresponded to aromatic C-H stretching (pre-
sent in lignin). The band at 1639 cm™! corresponded to aromatic ring
(present in lignin) and the band at 2360 cm™! corresponded to C-H
stretching of the lignin polymer. The O-H stretching of lignin and
hemicellulose polymers was represented by the bands around 3318 and
3815 cm~! [49]. All relative band intensities were reduced after the
catalytic treatment with MgO (I), an indication of degradation of lignin
polymer during the treatment. The reduction in relative intensity is a
strong indication of the cleavage of lignin side chains [49]. XRD spectra
comparing fresh LW and pretreated LW (Fig. S16) shows an increase of
the crystallinity index (Crl) from 61.7 % to 70.9 %. The increase in Crl
was caused by the removal of amorphous substances in the biomass,
mostly lignin, which exposed the crystalline cellulose core [50]. These
changes after catalytic treatment are also clearly observed in the SEM
images (Fig. S17). Prior to the catalytic hydrotreatment, the outermost
layers of lignin envelop the inner layers of cellulose and hemicellulose
fibres (Figure S17 (a)) but after catalytic treatment (Figure S17 (b)) the
lignin was detached, thereby exposing the cellulose and hemicellulose
fibres.

4. Conclusions

Catalytic results show that the strength and density of basic sites as
well as the macroporosity of the synthesized MgO materials are crucial
in the catalytic performance. The MgO (I) catalyst prepared by a solgel
method and characterized by a highly developed macroporous structure
and a predominance of medium-strength basic sites, showed the best
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catalytic performance in terms of selective lignin depolymerization and
production of carboxylic acids as valuable products. These results were
achieved under mild reactions conditions (120 °C) and using water as a
solvent in absence of any additional oxidant. Under the optimized re-
action conditions, 76 % of the converted polymers corresponded to the
lignin fraction (SLR ca. 0.76) and over 30 % of the converted carbon of
the lignocellulosic waste is transformed into marketable carboxylic acids
(in special dicarboxylic acids), being values comparable to those ach-
ieved in acidogenic fermentation processes. Further research is still
needed to prevent magnesium hydroxide formation and maintain cata-
lytic performance over successive reaction cycles.
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