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ABSTRACT: The sustainable production of vanillin from the
oxidative depolymerization of lignin was evaluated. Vanillin was
produced from Kraft lignin using heterogeneous catalysts based on
activated carbons prepared by chemical activation of sodium
lignosulfonate with H3PO4. The novel redox catalytic system,
obtained by HNO3 treatment, allows the heterogenization of
nitrobenzene structures on the activated carbon, reaching vanillin
yield 30% higher than that obtained without a heterogeneous
catalyst (about 3.1 wt %). A copper catalyst (5 wt %) was also
prepared for comparison purposes. The highest vanillin yield was
obtained at 200 °C and 10 bar for the nitrobenzene-like catalyst,
reaching full extraction from the selected technical lignin. The
catalyst was successfully reused without any regeneration treatment, evidencing no signs of deactivation. The possibility of
transferring oxygen from oxidized P groups to reduced N groups in a redox cycle seems to be responsible for this sustained catalytic
activity. To promote zero waste production, the obtained residual lignin was also used to prepare an activated carbon with
outstanding properties, ABET ∼ 1000 m2/g.

1. INTRODUCTION
Lignin is a three-dimensional, heterogeneous macromolecule
that holds together the structure of the cell walls. It is, along
with cellulose and hemicellulose, one of the three main
constituents of lignocellulosic biomass. It is formed by the
oxidative polymerization of three types of hydroxycinnamyl
alcohols, known as monolignols.1,2 These three main units are
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), which
are linked through different types of carbon−carbon or ether
bonds, such as β-O-4, α-O-4, 5-O-4, β-5, β-1, β-β, or 5-5,2 of
which β-O-4 is dominant, accounting for 40−60% of the total
of the linkage structures of lignin.3,4 The relative abundance of
monolignols and the nature and amount of ether bonds vary
from plant to plant, being known that softwoods have a
majority of G-units (approximately 90%), while hardwoods
have a similar amount of G- and S-units,5 by the extraction
method used for lignin isolation. Thus, if the extraction
conditions are harsher, the technical lignin obtained will have a
high concentration of C−C bonds to the detriment of β-O-4
ones.
Lignin may have a huge valorization potential due to its

aromatic structure and being unique in nature; however, it is
currently mainly burned in the pulp and paper industry to
produce energy for mill self-sufficiency. As a more environ-
mentally friendly alternative, the production of chemicals with

high added value from lignin has been proposed in the
literature. Many processes are envisaged for this purpose, such
as the pyrolysis process for bio-oil production,6 syngas from
lignin gasification,7 BTX from lignin hydrodeoxygenation
(HDO),8 cycloalkane production via hydrogenation,9 or the
obtention of monoaromatic aldehydes from oxidative
depolymerization of lignin,10 where vanillin stands out as the
most profitable compound.
Vanillin is a high-value aromatic aldehyde, which is used as a

flavor and fragrance ingredient in the food industry and as a
platform molecule in pharmacology. Less than 1% of the
world’s vanillin production is extracted from vanilla pods.
More than 80% of the vanillin world production comes from
the Riedel process.11 The remaining production (around 15%)
comes from oxidative depolymerization of residual lignins.12

This last process yields reasonably large amounts (the vanillin
yield does not exceed 5% due to the condensed structure of
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industrial technical lignins) of single monomeric aldehydes
from technical lignins. Specifically, vanillin is the main product
of the oxidation of softwood lignins, richer in G-units;
meanwhile, hardwood lignins yield a mixture of vanillin and
syringaldehyde due to their higher presence of S-units. In
addition, some new uses include stimulating the production of
biobased vanillin, such as a substitute of petro-based building
blocks or in the synthesis of polycarbonates13 or polyesters.14

To maximize the yield of vanillin during the oxidative
depolymerization of lignin, several considerations should be
made. First, the origin of the technical lignin and the extraction
method used for its isolation strongly affect the structure of
lignin, i.e., the monolignols and the β-O-4 structural content,
respectively, being possible to obtain Kraft-type lignins,
lignosulfonates, or even organosolv lignins and, therefore, the
vanillin yield. Since vanillin comes from the oxidation of the
guaiacyl groups present in the lignin structure, the selectivity of
the process will be improved if lignins from softwoods are
used.15 Second, the yield is affected by the pH used in
oxidative depolymerization. Although there have been some
recent studies using acidic or even ionic liquid media,16

alkaline conditions are the most widely studied in the
literature17 and are the ones currently exploited at the
industrial level.18 For instance, the oxidation of Kraft lignin
in an alkaline medium to produce vanillin must be carried out
at pH above 12 to avoid the protonation of the anion formed
as a reaction intermediate species or the overoxidation of
vanillin into other chemicals.19 Finally, the oxidation agent also
plays a critical role in the vanillin yield. The oxidants used are
oxygen, CuO,20 and nitrobenzene, with other oxidants being
H2O2,

21 peroxodicarbonate,22 and oxides of transition metal,
which are less explored. Among all, oxygen is the most used
oxidizing agent due to its low cost and high availability;
however, it has certain drawbacks, such as the fact that it can
produce overoxidation of technical lignin, its low solubility in
the reaction medium, and the need of work at relatively high
temperature.15 Regarding oxidation of lignin with nitro-
benzene, it is a long-known process23,24; however, nitro-
benzene is very toxic, and the reaction product generated after
its consumption, aniline, is even more so. In addition to its
dangerousness, its higher cost than molecular oxygen is the
main reason for its industrial use being discarded, in spite of it
being a much more selective reagent than its counterparts.25

With regard to the catalyst used in this reaction, the studies
are focused on increasing selectivity toward vanillin, because
phenolate anions, which appeared in the reaction media as
intermediate species, have one of the most oxidable functional
groups. The stability of certain phenolic derivatives, produced
by this route, has been studied to propose the corresponding
oxidation mechanism.26 For this purpose, the redox potential
of the catalyst should be low but high enough to oxidize the
phenolate anion. Thus, species such as Cu salts, which have a
moderate redox potential, are good candidates for the biobased
vanillin production from lignin.27 Homogeneous catalysts such
as transition metal salts or oxides, i.e., CuSO4, FeCl3, CuO, and
Fe2O3,

28 different polyoxometalates,29,30 or even other redox
catalysts31 are preferred in terms of productivity. Even though
homogeneous catalysts improve the mass transfer rate, the
difficulties for their separation and recovery and the high purity
requirements of the product hinder their use. Heterogeneous
catalysts, widely used in lignin depolymerization reactions,32

may circumvent these drawbacks, yet they may also face
diffusional limitations of the lignin fragments produced during

the alkaline homolysis. Some of the heterogeneous catalysts
used in this reaction are those based on CeO2,

33 γ-Al2O3,
34

MOF,35,36 hydrotalcite,37 and activated carbons38 with differ-
ent active phases such as Pd, Co, Fe2O3, and CuO.
On the other hand, lignin can be also valorized through the

preparation of carbon materials with high industrial interest.39

In this regard, researchers in this field have made a great effort
carrying out studies on the production of activated carbons,
carbon fibers, and other carbon materials from different
technical lignins.40 Particularly, the activated carbons (ACs)
are porous carbon materials with a highly developed specific
surface area, which can be used in different applications such as
adsorption,41 energy storage,42 or catalysis as catalytic
support43 or a catalyst by itself.44 The advantages of using
AC as a catalyst are (i) easily modifiable surface chemistry, (ii)
tunable porosity with macro-, meso-, and/or micropores,
which allow optimum diffusion of the reagents to the pores and
adequate distribution of the active phase,41 (iii) strong
chemical resistance, and (iv) relatively low production costs.
Despite all the advantages of using carbon materials as a
catalyst or catalytic support for chemical reactions, there are
very few studies in the literature using carbon- or graphene-
based catalysts for the oxidative depolymerization reaction of
lignins.45−47 This fact may be associated with the probable
oxidation of the activated carbon under the conditions used for
biobased vanillin production. However, ACs produced by
chemical activation of lignocellulosic waste with H3PO4
present phosphorus surface groups of high thermal and
chemical stability that lead to the AC high resistance to
oxidation.48 Previously, we have demonstrated that nitro-
functionalities can be inserted, with high dispersion, into the
surface of H3PO4 activated carbons through a nitric acid
treatment,49 making it possible to obtain a heterogeneous
catalyst with nitro groups as active sites. In this way, the
disadvantages of having to add nitrobenzene to this reaction
are circumvented, making the process more environmentally
friendly. This fact could enable its inclusion within the pulp
and paper industry or in a lignocellulosic biorefinery, boosting
the circular bioeconomy goals. Furthermore, the use of lignin
for the preparation of the catalytic support could also enhance
the process sustainability and make it more feasible to reach a
zero waste biorefinery operation.
Therefore, this work proposes the use of an activated carbon

obtained through the chemical activation of sodium lignosul-
fonate with phosphoric acid, loaded with copper or function-
alized with nitro groups, as a catalyst for the oxidative
depolymerization reaction of lignin to obtain biobased vanillin.

2. MATERIALS AND METHODS
2.1. Materials. Indulin-AT, a pine (softwood) wood Kraft lignin,

was kindly provided by the green chemical reaction engineering group
of ENTEG (Engineering and Technology institute Groningen) from
the Groningen University, The Netherlands, and was produced by the
Westvaco Chemical Division, Charleston Heights. This commercial
lignin is recovered and purified from black liquor of Kraft pulping of
pine wood (97% of lignin content on a dry basis). HANSA-201
(sodium lignosulfonate) was supplied by Sappi Biotech GmbH,
Stockstadt, Germany, and was isolated from Eucalyptus (hardwood).
Other lab-supply grade reagents, such as H3PO4 (85%, Fluka), HCl
(≥37%, Fluka), NaOH (98%, PanReac AppliChem), ethyl acetate
anhydro (99.8%, Sigma-Aldrich), acetone (HPLC grade, PanReac
AppliChem), guaiacol (≥98%, Sigma-Aldrich), 4-hydroxybenzalde-
hyde (98%, Sigma-Aldrich), vanillic acid (97%, Sigma-Aldrich), and
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vanillin (99%, Sigma-Aldrich), were used. N2 and O2 (99.995%
purity) were supplied by Air Liquide.
2.2. Catalyst Preparation. Sodium lignosulfonate was selected as

a carbonaceous precursor for the synthesis of H3PO4 chemically
activated carbons (AC). Sodium lignosulfonate was mixed with
H3PO4 at room temperature and kept at 60 °C for 24 h. The weight
impregnation ratio (H3PO4/carbon precursor) was set in 3; thus, in
each batch, 5 g of sodium lignosulfonate was impregnated with 17.7 g
of an 85% H3PO4 solution. The impregnated sample was then
activated under a N2 continuous flow (150 Ncm3/min) in a
conventional tubular furnace (Hobersal) at 500 °C for 2 h with a
heating ramp of 10 °C/min. The activated sample was then washed
with deionized water at 60 °C until constant pH in the eluate to
remove the excess of phosphorus. The resulting material was dried
and sieved between 100 and 400 μm. The solid yield of the whole
process after subtracting the humidity and ash content was 35%.

To obtain an activated carbon functionalized with nitro groups, the
AC was submitted to a treatment with nitric acid as detailed
elsewhere.49 Briefly, 1 g of AC was introduced in a round-bottom flask
with 50 mL of a 5 M HNO3 solution at 80 °C for 3 h. After the acid
treatment, the sample was washed several times with deionized water
to remove the excess of nitric acid.

For the sake of comparison, the Cu metallic phase, typically used as
a catalyst species in the biobased vanillin production, was
incorporated to the activated carbon by the incipient wetness
impregnation method using a solution of Cu(NO3)2·3H2O. The
impregnated material with enough copper salt to reach 5% wt in the
final catalyst was dried at 110 °C for 12 h, and then the sample was
heated at 450 °C for 4 h under a N2 continuous flow (150 Ncm3/
min), in a tubular furnace, to decompose the copper salt and to obtain
the active phase. The nitro-functionalized activated carbon sample
was named ACN, while ACCu was used to refer to the activated
carbon loaded with Cu.
2.3. Oxidation Experiments and Product Analysis. Oxidation

experiments with O2 in an alkaline medium were performed in a
Demede Engineering and Research stirred batch reactor with a
capacity of 100 mL. The setup is equipped with a magnetic stirrer,
temperature, pressure control system, and sample collection port. In a
typical essay, 2 g of Indulin-AT lignin is dissolved in 50 mL of a 40 g/
L solution of NaOH (pH = 14) and introduced in a stainless-steel
flask. If the reaction is carried out with a heterogeneous catalyst, once
lignin has been dissolved in the 40 g/L NaOH solution, 30 mg of
catalyst is added to the solution and then the stainless-steel flask is
placed into the reaction system. The charged reactor was purged with
pure O2 three times, and the system was pressurized with O2 to a
pressure of 5 bar. The reaction system was then heated, at a heating
rate of 15 °C/min, at temperatures between 125 and 225 °C, reaching
a maximum pressure corresponding to the autogenous pressure of the
system, i.e., the vapor pressure of a 40 g/L NaOH solution at the
reaction temperature. During the reaction, a collection system was
used that allowed the extraction of 0.5 mL of the liquid phase without
any disturbance of the pressure inside of the reaction system to
analyze the liquid products at different reaction times. In all of the
experiments, the temperature and pressure were recorded to study the
performance of the gas phase and check that the extraction of sample
aliquots did not alter the state of the reaction. With the aim of
ensuring, all experiments were carried out in triplicate.

The procedure for the analysis of the different species after the
reaction is summarized in Scheme S1. Upon removal of the stainless-
steel flask from the reaction system, the sample includes a solid, the
carbon-based catalyst, and a liquid phase consisting of the reaction
products and unreacted lignin in solution. First, the catalyst was
removed by a filtering process and then a volume of a concentrated
HCl solution was added until pH = 2 was reached to precipitate the
unreacted lignin. The precipitated unreacted lignin was removed by
another filtration process. To separate the aqueous phase from the
organic phase, which remains in the solid-free liquid sample, an
extraction process was carried out, washing several times the solid-free
liquid sample with ethyl acetate until a transparent color in the
aqueous phase was reached. Ethyl acetate was evaporated under

vacuum to obtain a concentrated liquid phase, which was diluted 1:40
in acetone, and then a 1.5 mL aliquot of the solution was transferred
to a glass vial where 7.5 μL of an external standard, dodecane, was
added. This new solution was analyzed in a gas chromatograph
coupled to a mass spectrometer Agilent 7000 D GC/MS Triple Quad
(GC-MS), equipped with a 60 m DB-624 column, using a FID and
with the mass spectrometer working on SIM mode following the
signals of the main reaction components. The chromatographic
method started at 60 °C, with a final temperature of 240 °C, a heating
rate of 8 °C/min, and a holding time of 20 min. To determine the
concentration of the main products of the process, prior to analyzing
the liquids of each reaction, calibration curves of vanillin, guaiacol,
and acetovanillone (the main products of the reaction, as shown in
Figure S1) were made using concentrations in the range of 50 and
3.125 ppm.

The postreaction gases were analyzed by GC using a TCD and
carbon-plot column. Only oxygen was observed since the possible
CO2 formed by mineralization of lignin is able to react with sodium
hydroxide to form carbonates (confirmed by the pH drop at the end
of reaction, from 13.6 to 13.2−13.0), therefore avoiding its release in
the gas phase.

In addition, unreacted lignin was dried at 60 °C overnight and then
activated under the same operating conditions as the AC from sodium
lignosulfonate.

Thus, the conversion and the different oxidation product selectivity
and yield were calculated as follows:

= ×conversion(%)
initial lignin wt residual lignin wt

initial lignin wt
100

= ×selectivity(%)
product wt

product wt
100

= ×product yield(%)
product wt

initial lignin wt
100

The solid residue obtained at the end of the reaction, after
neutralization with HCl, was composed of a mixture of oxidized lignin
and NaCl. To determine the amount of oxidized lignin, the solid
residue was filtered and dried at 100 °C overnight. A sample of 100
mg of the dried solid was calcined at 750 °C to constant weight,
considering that the organic matter removed during the calcination
process was the so-called “residual lignin”. This procedure was
replicated three times.

For the catalyst reusability test, the catalyst was filtered and
separated from the product stream, dried in a vacuum oven overnight,
and then tested, without any regeneration process, under the same
operating conditions as the fresh catalyst.
2.4. Characterization of the Samples. The chemical

composition of the technical lignins was evaluated by the ultimate
analysis of the samples in CNHS EA3000 equipment. The
composition of technical lignins was also analyzed by proximate
analysis to know the quantity of volatile matter (ASTM E-872), ash
content (ASTM E-1755), and fixed carbon determined, by difference,
of the samples. The inorganic composition of the technical lignins was
also analyzed by X-ray fluorescence (XRF) in THERMO ARL
PERFORM’X equipment.

The porosity of the activated carbons was studied by N2
adsorption−desorption at −196 °C and CO2 adsorption at 0 °C
using Micromeritics ASAP2020 equipment. They were degassed for at
least 8 h at 150 °C. The specific surface area (ABET) was obtained
using the BET equation following the criteria proposed by Rouquerol
for the selection of the fitting region from N2 adsorption isotherms.
The micropore volume (Vs) and external surface area (As) were
calculated using the α-s method, and the mesopore volume (Vmes) was
estimated as the difference between the adsorbed volume at a relative
pressure of 0.98 and the micropore volume (Vs). The narrow
micropore volume (VDR) and surface area (ADR) were determined,
applying the Dubinin−Radushkevich method in the CO2 adsorption
isotherms. Finally, the pore size distribution was obtained from the N2
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and CO2 adsorption isotherms by using the 2D-NLDFT heteroge-
neous surface model.50

The functional groups of the samples were semiquantified using a
Fourier transform infrared (FTIR) spectrometer (Bruker Optics
Vertex 70) in the attenuated total reflectance (ATR). The spectra
were acquired at a resolution of 4 cm−1, and 64 scans were taken in
the 600−4000 cm−1 range. To analyze the oxidation state of surface
species of the fresh technical lignins, the activated carbons, and the
residual lignin after reaction, X-ray photoelectron spectroscopy (XPS)
analyses were carried out by using PHI 5700 equipment with a
monochromatic Al Kα radiation source (1486.6 eV). The maximum
of the C 1s peak was set to the XPS photoemission energy of the C−
C and C�C bonds (284.5 eV) as the reference.

Carbon materials present different oxygenated groups, which
decompose as CO and/or CO2 at different temperature ranges,
allowing the determination of their nature and quantity by
temperature-programmed desorption (TPD). TPD experiments
were carried out with 80 mg of a dry sample loaded in a quartz
reactor. The reactor was heated from room temperature to 900 °C at
10 °C/min in a N2 flow of 150 N mL/min. The quantities of CO and
CO2 evolved during the heating process were monitored in a
nondispersive infrared (NDIR) gas analyzer, Siemens ULTRAMAT
23. To assess the total acidity and the acid strength of the carbon-
based catalysts, temperature-programmed desorption of ammonia
(TPD-NH3) was carried out. TPD-NH3 was carried out in two
different steps. Initially, as a blank experiment, 50 mg of fresh catalyst
was submitted to thermally programmed desorption in the absence of
ammonia, heating it from room temperature to 500 °C with a heating
rate of 10 °C/min. Subsequently, in the TPD-NH3 experiment,
another batch of 50 mg of fresh catalyst was saturated with NH3 for
15 min at 100 °C, and then a flow of He removed the weakly
adsorbed NH3 at the adsorption temperature for enough time to not
detect NH3 at the reactor outlet. NH3 desorption was carried out by
increasing the temperature from 100 to 500 °C at 10 °C/min using a
thermal conductivity detector (TCD) as a detector. Finally, the TPD-
NH3 profile will be the result of subtracting the signal of the blank
experiment from TPD-NH3. To evaluate the morphology of the
support and catalysts, transmission electron microscopy (TEM)
images were taken using an FEI Talos F200X microscope at 200 kV.

Fresh and unreacted lignin was analyzed by 2D-HSQC-NMR. The
spectra were collected from a 600 MHz Bruker Biospin (Rheinstetten,
Germany, BASIC PROBHD) instrument with the following
parameters: spectra use 1024 data points from 11 to 2.35 ppm in
1H (acquisition time, 131 ms) and 160 to 35 ppm in 13C with 256
increments (acquisition time, 6 ms) of 8 scans with 1.5 s of internal
delay; the d24 delay was set to 86 ms. The signal of dimethyl sulfoxide
(DMSO) solvent was used as an internal reference (δC 39.5, δH 2.49
ppm).

3. RESULTS AND DISCUSSION
3.1. Technical Lignin Characterization. Considering the

above stated in Section 1, organosolv lignin would be the most
appropriate lignin for vanillin production based on its
structural properties, i.e., higher amount of β-O-4 bonds.
However, this type of material is not widespread in the market
and is not broadly considered as waste product,51 so in this
study, it has been decided to select some type of industrial
lignin as the main feedstock for its oxidative depolymerization
process. Thus, Table 1 shows the most relevant properties of
Kraft lignin and sodium lignosulfonate used in this work. The
proximate analysis reveals that the ash content in sodium
lignosulfonate is higher than in Kraft lignin or even in other
technical lignins reported in the literature.52−54 The presence
of large amounts of ashes in the reaction media could cause
detrimental effects over the process, i.e., fouling of the reaction
system or poisoning of the catalyst and reaction products. In
this sense, the use as feedstock of Kraft lignin for the

depolymerization reaction could be more appropriate. This
premise is also reinforced when the low volatile matter content
of sodium lignosulfonate is considered, given that volatile
matter is directly related to the amount of lignin fragments that
are most susceptible to being transformed to oxidative
depolymerization products.
Figure 1 represents the corresponding FTIR spectra of Kraft

lignin and sodium lignosulfonate. The FTIR spectra confirm
the presence of sulfone groups (655 cm−1) in sodium
lignosulfonate55 and thiol-thioesters (812 cm−1) in Kraft
lignin.56 Such groups are also noticeable in the S 2p XPS
spectra (Figure S2) of both technical lignins. In addition,
sodium lignosulfonate shows a poorly defined peak centered
about 1212 cm−1 that corresponds to condensed G-units.57,58

This peak is more intense in the case of Kraft lignin. As
mentioned in Section 1, typically, the content of monolignol
units as well as the presence of aryl ether or carbon−carbon
bonds varies in the technical lignins depending on the
lignocellulosic precursor and lignin isolation method, respec-
tively. Usually, the harsher the extraction conditions, the less
aryl ether linkages are maintained, while more C−C bonds are
formed, and thus, the condensation degree of the lignin
structure is larger. The Kraft method uses more severe
conditions during extraction (7−10 atm, 180 °C, and 0.5−2 h)
than the sulfite process (8−12 h, at 110−145 °C, and at a
pressure of 6−7 atm), explaining the higher intensity of the
1212 cm−1 peak found in Kraft lignin, due to a higher presence
of condensation reactions during the isolation process.
Figure 2 represents the 2D HSQC NMR spectra of the two

technical lignins studied in this work. The main signals of the
aliphatic regions are identified corresponding to the S-, G-, or
H-units, as well as their oxidized and condensed modifications
according to a previous report.59 The S/G ratio is much lower
than 1 in the case of Kraft lignin (Table 2). The main linkages
present in lignin, i.e., β-O-4, β−β and β-5, are represented by
blue-, green-, and violet-colored signals in the aliphatic region
of the NMR. The amount of β-O-4 linkages seems to be higher
in Kraft lignin than its counterpart. Moreover, a higher and

Table 1. Analytical Characteristics of the Technical Lignins

Kraft lignin sodium lignosulfonate

proximate analysis (%d.b.)a

volatile matter 55.6 52.3
ash content 2.7 16.9
fixed carbon 41.7 30.8

ultimate analysis (%dry ash free)
C 62.3 39.9
H 6.0 5.3
N 0.8 0.2
S 1.2 4.6
Ob 29.8 50.0

XPS analysis (% wt)
C 71.4 50.6
N 0.6 0.8
O 26.5 31.9
Na 0.4 9.8
S 1.2 6.9

XRF analysis (% wt)
S 0.7 3.3
Na 0.3 6.2
others 0.2 0.3

aDry basis. bBy difference.
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more selective biobased vanillin yield is expected from
depolymerization of Kraft lignin owing to a larger amount of
G-units (Table 2).

For these reasons, Kraft lignin has been selected as feedstock
in the oxidative depolymerization to yield biobased vanillin;
meanwhile, sodium lignosulfonate, less rich in the β-O-4 bond,
will be valorized through the production of an activated
carbon-based catalyst.
3.2. Characterization of Catalysts. Figure 3 shows the

N2 adsorption−desorption isotherm at −196 °C and the pore
size distribution of the catalysts and the catalyst support. All
carbon materials have a type IV isotherm characteristic of
mesoporous materials. Moreover, the hysteresis cycle seems to
be a combination of the H1 and H3 types.60 The high N2
uptake at low relative pressures in these materials evidences the
large presence of micropores. The shape of the adsorption−
desorption isotherm at medium−large relative pressures
suggests the presence of well-developed mesoporosity and
macroporosity, which can be useful to minimize mass transfer
limitations that are usually found for oxidative depolymeriza-
tion of lignin.61 The main textural parameters are given in
Table 3. All of the samples present apparent surface areas

Figure 1. FTIR spectra of Kraft lignin (black line) and sodium lignosulfonate (red line).

Figure 2. 2D HSQC NMR spectra of Kraft lignin (A) and sodium lignosulfonate (for proper visualization of the NMR spectra, aliphatic regions are
2× intensified than aromatic regions) (B).

Table 2. Main Aromatic Units and Linkages in Technical
Lignins Obtained by Semiquantification of the 2D HSQC
NMR Spectra Shown in Figure 2

technical lignin Sa Gb Hc β-O-4d β-β β-5 S/G

Kraft lignin 0.0 95.9 4.1 10.6 3.4 2.7 0.0
sodium
lignosulfonate

60.4 38.5 1.1 7.6 0.0 1.6 1.6

a = · ·+
S 100

S S

2
1

total aromatics
2/6 2/6 b

= · ·+ + ·
G 100

G G G H G 2

3
1

total aromatics
2 5 6 2/6 c

= · ·H 100
H

2
1

total aromatics
2/6 dLinkages are expressed per 100 aromatic

units.
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larger than 1000 m2/g and pore volumes higher than 2 cm3/g.
The wide pore structure of the samples is confirmed by the
higher contribution of mesopore volumes (Vmeso), being 5

times higher than that of the micropores (Vs). This wide pore
texture minimizes the presence of internal mass transport
limitations, which are typically found in this reaction. The
higher value of the micropore volume measured by N2
adsorption, VS, compared to micropore volume obtained by
CO2 adsorption, VDR, suggests the presence of micropores with
an average size larger than 0.7 nm.62 In addition, as can be seen
in Figure 3B, all materials have a bimodal distribution with a
maximum centered around 1.2 nm and another at 26 nm. It is
worth highlighting the notable reduction in mesoporosity, i.e.,
almost 20%, in the case of both catalysts ACCu and ACN,
attributable to the pore blockage and partial gasification of the
carbon particles, respectively,49 as well as an increase in the
narrow microporosity (see Figure 3B), which in the latter case,
may be explained through the anchoring of the nitro groups on
the carbon surface, hindering the access to micropores.
Previous studies reported that the moderate acidity of

activated carbons produced by chemical activation with
phosphoric acid, as exhibited by the catalysts studied in this
research (Figure S4A), is a consequence of the presence of
polyphosphates with C−O−P bonds tightly bound to the
carbon network that exhibit high thermal and chemical
stability.63 Thus, surface characterization with techniques
such as XPS to determine both the content and oxidation
state of phosphorus is essential in this type of material.64

Figure 4A represents the XPS spectra of the P 2p region of the
carbon materials. The catalyst P 2p spectrum can be
deconvoluted in two peaks centered at binding energies of
133.4 and 134 eV characteristic of tetracoordinated phospho-
rus (PO4) in phosphates and/or polyphosphates65 and the
photoelectronic excitation of phosphorus when it is bonded to
carbon through an oxygen, forming the C−O−P bond,66

respectively. The presence of C3PO surface groups (observed
at 131 and 132 eV) can be ruled out in these catalysts.67 On
the other hand, although the amounts of surface P on the AC
and ACCu samples are very similar, 2.0 and 1.9%, respectively
(Table 3), the spectrum of the Cu-loaded activated carbon is
shifted toward lower binding energies, meaning that some of
the C−O−P groups of the support are reduced during the
copper salt decomposition. For ACCu, the amount of Cu fixed
over the activated carbon surface was 1.5 wt % (Table 3). In
the case of ACN, a high decrease in the surface P amount is
observed (Table 3), along with a positive shift in the P 2p
spectrum of ACN (Figure 4A), which is related to the loss of
oxidized phosphorus groups via C−O−P bond cleavage during
nitro group fixation on the carbon surface, forming a surface
phenolic group.49 To study the copper species present in the
ACCu catalyst, a short-exposure XPS analysis was carried out.
The Cu 2p XPS spectrum shows the presence of a satellite
peak at 9 eV with an area ratio of 0.55 with respect to the main
peak, which only appears in Cu2+ species. Deconvolution of
this spectrum suggests the only presence of this copper oxide
(see Figure 4B) because the low temperature of the thermal
treatment (450 °C) does not allow the complete reduction of
the catalyst in an inert atmosphere.68 XPS results have also
confirmed the successful functionalization of the activated
carbon with nitrogen groups, achieving a weight surface
concentration of over 2.5% (Table 3). The N 1s region of the
XPS spectrum of ACN shows that this nitrogen is mainly
introduced as nitro groups (405.7 eV), and less than 15% was
found as surface amino groups (399.9 eV) (Figure 4C).49

The morphology of the catalysts has been evaluated by TEM
(Figure S3B−D). It is observed that the treatment with nitric

Figure 3. N2 adsorption−desorption isotherms obtained at −196 °C
(A) and pore size distribution calculated from the N2 adsorption−
desorption isotherm and CO2 adsorption isotherm at −196 and 0 °C,
respectively (B), of AC, ACN, and ACCu.

Table 3. Summary of the Textural Parameters Obtained
from the N2 Adsorption−Desorption Isotherm and CO2
Adsorption Isotherm Obtained at −196 and 0 °C,
Respectively, CO and CO2 Evolved Amounts from TPD,
and Mass Surface Concentration Derived from XPS
Analyses of the Carbon Materials

sample AC ACN ACCu

N2 ads−des isotherm
ABET (m2/g) 1290 1150 1090
Vmeso (cm3/g) 1.86 1.51 1.46
Vs (cm3/g) 0.37 0.33 0.30
V0.995 (cm3/g) 2.68 2.10 2.10

CO2 ads isotherms
VDR (cm3/g) 0.19 0.22 0.16

TPD (μmol/g)
CO2 172 1918 1070
CO 1586 4416 3487
O 1930 8251 5627

XPS (wt % )
C 89.6 75.8 87.5
O 8.4 20.2 9.1
P 2.0 1.2 1.9
N _ 2.7 _
Cu _ _ 1.5
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acid does not produce any significant morphology modification
compared to the parent activated carbon due to the mild and
controlled conditions used for its preparation (Figure S3B,C);
in the case of the ACCu catalysts, copper nanoparticles are
finely distributed on the catalyst surface, with sizes ranging
between 7 and 12 nm (Figure 4D).
Figure 5 represents the CO and CO2 evolution profiles

during the temperature programmed desorption of the carbon
materials. In the case of AC, the CO evolution profile presents
a main peak at approximately 800 °C corresponding to the
thermal reduction of the C−O−P bond of phosphorus surface
groups, which confers certain acidity to the activated carbon
(Figure 5A).64,69 Figure 5B shows negligible CO2 evolution
during TPD for AC. Notable changes are observed for ACN.
The formation of quinones and phenols due to the elimination
of a C−O−P group during the nitration process is denoted by
the sharp increase in CO evolution from 600 to 900 °C
(Figure 5A). The main change is found in the CO2-TPD

profile (Figure 5B), where a large peak is observed at 300 °C,
which has traditionally been related to the decomposition of
oxygenated groups such as carboxylic acids, lactone, and
anhydrides. The formation of these compounds is widely
established in the literature when an activated carbon is treated
with nitric acid70; however, it was observed that the treatment
with HNO3 to phosphorus-containing activated carbons
resulted in the formation of nitro surface groups. The
decomposition of these oxygenated surface groups occurs in
parallel with the condensation of the nitro ones and the
subsequent formation of pyridinic and pyrrole groups.71 The
presence of lactone groups, whose decomposition is associated
with the evolution of CO2 about 400 °C, and anhydride
groups, represented by the equimolar evolution of CO and
CO2 at about 550−600 °C, is also observed.72 In the case of
ACCu, the CO evolution peak compared to that observed in
the support also increases (Figure 5A), and the total amount of
evolved CO is doubled (see Table 3). It is well known in the

Figure 4. Representative XPS spectra for the P 2p region of AC, ACN, and ACCu (A), for the Cu 2p region of ACCu (B), and for the N 1s region
of ACN (C). TEM image with EDX mapping of ACCu (D). Inset in panel (C): summary of the peak position of the different chemical species in P
2p and N 1s regions of the catalysts.
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literature that Cu(NO3)2·3H2O, used as a precursor of CuO,
decomposes above 250 °C, forming CuO.68 Therefore, the
increase in CO evolution can be related to the carbothermic
reduction of CuO to Cu2O (around 550 °C) and to metallic
cupper (ca. 650 °C).68 It is also possible that some
phosphorus−copper species can be formed on the surface. In
this line, copper phosphate species are known to decompose at
temperatures higher than copper oxide,73 explaining the large
CO evolution observed at 780 °C. ACCu also shows a small
amount of anhydride groups, as deduced from the small CO2
peak observed at around 600 °C.
Finally, the catalyst support exhibits moderate acidity and a

significant development of the wider porosity; after the copper
incorporation, the porosity remains the same, and this copper
is mainly Cu2+, which is the active species for lignin oxidative
depolymerization reaction. The activated carbon functionalized
with nitro groups (ACN) presents wide porosity, similar to its
counterpart loaded with copper, showing nitrobenzene-like
groups on its surface.
3.3. Oxidative Depolymerization of Lignin. Before the

catalytic tests were started, the experimental conditions for the
oxidative depolymerization of lignin without solid catalysts
were analyzed. To rule out the presence of oxygen mass
transfer limitations,27 three experiments were carried out at
175 °C and 5 bar of initial oxygen pressure under different
stirring rates, i.e., 500, 700, and 900 rpm (Figure S4A). Lignin
conversion (ca. 40 wt %) and yield to vanillin remained
unaltered when the stirring rate was increased from 500 to 900
rpm; consequently, the intermediate speed, 700 rpm, was
selected for the rest of the experiments. Temperatures from
125 to 200 °C at a fixed PO2

pressure of 5 bar were tested to

evaluate the best operating conditions for maximizing the
amount of vanillin in the absence of a heterogeneous catalyst
(Figure 6A). The highest amount of vanillin was produced at

200 °C. In the case of the oxygen pressure, vanillin yield
increases when increasing initial oxygen pressure from 2.5 to 5
bar at 200 °C, with no relevant increase being found at higher
pressures (Figure 6B). Under the studied operating conditions,
the highest vanillin yield obtained was 2.8%. Note that the use
of other lignin feedstocks with larger amounts of β-O-4 and
guaiacyl units is needed for achieving higher vanillin yields.74

Once the experimental conditions in the absence of a solid
catalyst were selected (T = 200 °C and PO2

= 5 bar), oxidative
depolymerization reactions were again carried out in the
presence of the heterogeneous catalysts. Figure 7A compares
the vanillin yield versus reaction time for the process without a
solid catalyst, with the catalyst support, and with the copper-
and nitro-containing catalysts. As can be seen, the use of AC,
which is a carbon chemically activated with a certain acid
character,75 does not produce any increase in lignin conversion
(from 41.5 to 41.6% wt), neither improvement in the yield
toward vanillin, evidencing that the support does not present
catalytic activity. Moreover, even though activated carbons are
good adsorbent materials, the lack of changes in vanillin yield
with the results in the absence of a solid catalyst suggests that
possible adsorption of the reaction products on the carbon
materials can be ruled out.

Figure 5. CO (A) and CO2 (B) evolution as a function of
temperature during TPD of AC, ACN, and ACCu.

Figure 6. Evolution of the vanillin yield during the oxidative
depolymerization of lignin without solid catalysts: at different
temperatures (PO2

= 5 bar) (A) and at different initial oxygen
pressures with stirring (T = 200 °C) (B).
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As mentioned in Section 1, the catalysts used in this reaction
are aimed at increasing selectivity toward vanillin through the
oxidation of the phenolate anion, rather than increasing the
reaction rate. Thus, the redox potential of the catalyst needs to
be high enough for being able to oxidize this anion but as low
as possible for avoiding overoxidation of the products. In this
sense, the literature points out that supported copper oxide is
one of the most effective catalysts owing to the adequate redox
potential of the CuO/Cu2O pair (E0 = −0.16 eV).27 When
copper is deposited on the catalytic support (ACCu sample), a
slight improvement in vanillin production is observed (Figure
7A). However, the nitrogen-doped catalyst (ACN) achieves
the highest vanillin production, surpassing the catalyst with
copper and reaching yield values as high as 3.2%. The 30%
increase in the yield toward vanillin represents a significant
improvement regarding those reported in the literature, where
the yields toward vanillin with and without a heterogeneous
catalyst are hardly ever compared.76 Nitrogen-doped carbon
materials containing quaternary nitrogen groups have been
reported to catalyze the biobased vanillin production,77 but to
our knowledge, the oxidative depolymerization of lignin using a
modified activated carbon containing nitro groups, prepared in
such a simple way and in so few steps, has never been carried
out.
Figure 7B represents the selectivity toward the main

oxidative depolymerization products in the presence and
absence of solid catalysts after 2 h of reaction. Only a slight

increase in vanillin selectivity is observed with ACCu, with no
variation of the yield toward guaiacol and acetovanillone,
suggesting the selective oxidation of phenolate anions to
vanillin by copper oxide. In the case of ACN, besides the
increase in selectivity toward aldehyde, an increment in
selectivity toward guaiacol and acetovanillone is also observed.
To test the behavior of the ACN catalyst under different

operating conditions, i.e., initial oxygen pressures and reaction
temperature, two new experiments were carried out at a higher
initial oxygen pressure of 10 bar, maintaining the same reaction
temperature, 200 °C, and increasing the reaction temperature
to 225 °C at the same initial oxygen pressures (Figure 7C).
When PO2

is increased, the lignin conversion and the yield to
vanillin grow significantly at higher pressures, reaching values
of 65 and 3.6%, respectively, at 120 min (with a vanillin yield
up to 45% higher than that reported without a heterogeneous
catalyst). As for the increase in temperature, an initial gain of
the yield toward vanillin is observed. However, it decreases at
longer reaction times due to the increase in the overoxidation
reaction rate,19 producing a lower vanillin yield than when the
reaction proceeded at 200 °C, and the formation of traces of
organic acids such as vanillic acid is observed. Figure 7D
represents the selectivity toward the main reaction products as
a function of the initial oxygen pressure. Selectivity toward
vanillin increases with the oxygen pressure. On the other hand,
the selectivity to guaiacol is slightly affected by the oxygen

Figure 7. Vanillin yield with and without a heterogeneous catalyst. T = 200 °C and PO2
= 5 bar (A). Vanillin (blue), acetovanillone (orange), and

guaiacol (green) selectivity with and without a catalyst at T = 200 °C, PO2
= 5 bar, and a time of reaction of 120 min (B). Vanillin yield during the

oxidative depolymerization of lignin. PO2
= 5 bar and T = 200 °C (green), PO2

= 10 bar and T = 200 °C (purple), and PO2
= 5 bar and T = 225 °C

(gray) with an ACN catalyst (C). Selectivity toward vanillin (blue), acetovanillone (orange), and guaiacol (green) during the oxidative
depolymerization of lignin. T = 200 °C and PO2

= 5 bar and PO2
= 10 bar with an ACN catalyst (D).
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pressure; meanwhile, selectivity to acetovanillone does not
appear to be significantly different, suggesting the possibility
that O2 is not involved in the reaction pathway of
acetovanillone formation.27

Direct comparison of the performance of ACN with other
catalysts reported in the literature is not straightforward due to
the heterogeneity of the technical lignins used as feedstock. A
yield to vanillin of 5.2% was obtained with a Pd/CeO2 catalyst
using significantly higher amounts of catalysts (catalyst/
organosolv lignin ratio = 2),76 but they did not compare
these results to that obtained without using this catalyst.
Another Pd-based catalyst reported a lower yield toward
vanillin than without a catalyst.78 A 3.9% vanillin yield (similar
to that presented in this work) was obtained with a steam-
explosion lignin using a 5% CuSO4/FeCl3 (10:1) catalyst.28

On the other hand, 6.8% vanillin yield was reported using a
CuMn(1:3) catalyst,79 but less than 30% of increment in
vanillin yield was achieved when the result is compared to that
obtained without a heterogeneous catalyst.
To summarize, it is worth noting that the use of the catalytic

support AC in the vanillin production by oxidative
depolymerization of lignin did not show an increase in the
activity observed in the reaction without a heterogeneous
catalyst. This could be related to the activated carbon only
presenting some acid groups on its surface (Figure 5), which
do not seem to be active in this type of reaction, since it is
carried out in an alkaline medium. On the other hand, the
ACCu catalyst presents Cu2+ (Figure 4B) on its surface, which
has been shown to be a great homogeneous and heterogeneous
catalyst for this reaction,80,81 while the ACN catalyst has nitro
groups (Figure 4C), similar to nitrobenzene, which is
considered to be the most selective chemical agent toward
vanillin in oxidative depolymerization of lignin in the
literature.82,83

3.4. Catalyst Reusability. Once the highest performance
of ACN was demonstrated, the reusability of this catalyst was
evaluated. With this goal, after a typical run, the catalyst was
separated from the liquid phase, i.e., liquid product and solved
unreacted lignin, through a filtration process and then washed
with distilled water and dried overnight. Afterward, a new
reaction under the same previous conditions and 10 bar of
oxygen partial pressure was carried out using the used ACN as
a catalyst. In this sense, Figure 8A shows the vanillin yield of
the oxidative depolymerization of lignin at 10 bar of oxygen
partial pressure, 200 °C, and 700 rpm with fresh and used
ACN. The used catalyst shows similar catalytic performance,
i.e., vanillin yield and products selectivity at 120 min of
reaction (see in Figure 8B), to the fresh catalyst, evidencing the
possibility of being used in a consecutive cycle without any
treatment. The surface chemistry of the catalyst after the
reaction was analyzed by XPS (Figure 8C,D). The N 1s XPS
region reveals that the nitro group has been completely
consumed (405.7 eV) after the end of the first cycle of
reaction; meanwhile, the band corresponding to the amine
groups has significantly increased (399 eV), which suggests
that nitro groups have been fully reduced to amine71 in an
oxygen-free atmosphere. Figure S4B,C shows the pressure
inside the reactor, which is the equivalent to the autogenous
pressure of the reaction medium (40 g/L NaOH solution)
after 60 min of reaction, thus ruling out the presence of oxygen
in the gas phase of the reactor and, hence, the one dissolved in
the liquid phase. In the case of phosphorus, the shift of the
main peak in the P 2p XPS region toward lower binding

energies suggests the formation of more reduced phosphorus
species. Since phosphorus groups alone are not active for this
reaction (Figure 7) and given the similar activity results after
reusing the ACN catalyst, it seems that the active site is formed
by the combination of the phosphorus and nitrogen species,
which are able to oxidize phenolates to vanillin, producing
their own reduction. These reduced species are likely
reoxidized in the presence of oxygen during the reaction
within a redox cycle. However, if oxygen is totally consumed,
then both P and N would remain in a reduced state.
3.5. Proposed Reaction Mechanism. The lignin

depolymerization reaction mechanism is useful to understand
the different catalytic performance of the tested materials.
Lignin depolymerization proceeds in alkaline media through
homolytic cleavage, producing monomers, oligomers, and
other lignin fragments. Even in the absence of oxidants, some
of these monomers can be converted into vanillin. The
reaction would begin with the retroaldol cleavage of the α-
hydroxy-γ-carbonyl, coming from the homolysis of a β-O-4
bond of the technical lignin structure, which gives rise to a
vanillate anion. At the end of the process, as the residual
oxidized lignin is precipitated by acidification of the solution,
the vanillate anion is protonated, obtaining vanillin. Likewise,
acetovanillone production proceeds through the retroaldol
cleavage of a α-oxo-β-unsaturated structure, which would
explain the suggested nondependence on oxygen partial
pressure observed in Figure 7D.84

When an oxidant is added to the reaction media, there is an
increase in vanillin production due to the oxidation of
phenolate anions from the lignin homolysis process, which
otherwise would have not directly rendered vanillin. In this
mechanism, the oxidant scavenges an electron from the
phenolate, promoting the formation of methoxyquinone
radicals (Scheme S2). The subsequent nucleophilic addition
of the hydroxide ion produces a coniferyl alcohol structure.
The oxidation of this alcohol results in the formation of the γ-
carbonyl group. This α-unsaturated aldehyde is hydrated,
rendering the phenoxyl anion, which in a subsequent step
produces the corresponding vanillate anion by retroaldol
cleavage. Since this reaction is not catalyzed by acid sites, the
role of the carbon support would be merely to provide a high

Figure 8. Vanillin yield during the oxidative depolymerization of
lignin at 200 °C and 10 bar of oxygen partial pressure with a fresh
ACN catalyst and spent ACN (A). Vanillin (blue), acetovanillone
(orange), and guaiacol (green) selectivity with fresh and spent ACN
catalysts at T = 200 °C, PO2

= 10 bar, and a time of reaction of 120
min (B). Representative XPS spectra for N 1s (C) and P 2p (D)
regions of fresh ACN catalyst and used ACN.
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dispersion of the active sites (Cu and nitro) and large porosity
to avoid diffusional constraints, therefore confirming that only
the presence of nitro groups is responsible for the 45% increase
in vanillin yield.
The role of the nitro groups during the oxidative

depolymerization of lignin could be similar to that of
nitrobenzene, which has been used for a long time as an
oxidant agent in lignin depolymerization (Scheme S3). The
reduction mechanism of nitrobenzene to aniline has been
already established in the literature, being summarized in
Scheme S3.85 According to this mechanism, the reduction of
the nitro group of the ACN catalyst would end in the
formation of an amine group, in agreement with the XPS
results of the wasted ACN catalyst in Figure 8C. These amine
groups could be reoxidized in the presence of oxygen through
the mediation of a phosphorus group (Scheme 1), reactivating
the catalyst.
To assess the validity of this hypothesis, two further

experiments were carried out with and without an ACN
catalyst in the absence of O2 (Figure S5). The results show
that the addition of the catalyst to the reaction media increases
the vanillin yield at short times, suggesting that nitro groups

are consumed during the production of vanillin. Once active
sites are reduced, they cannot be regenerated due to the
absence of oxygen in the reaction medium, and no further gain
in vanillin yield is obtained. For this reason, it is necessary to
consider the reoxidation of amine by oxygen. According to the
results obtained, the reaction mechanism summarized in
Scheme 1 has been proposed. The reaction mechanism starts
with the consumption of one oxygen of the nitro group of
species (I), giving rise to species (II). This species is reoxidized
by the oxygen of the nearest phosphate group, regenerating the
nitro group (III). If oxygen is found in excess in the reaction
medium, the phosphorus group is reoxidized with molecular
oxygen,48,69 recovering the species (I). When the oxygen
concentration in the reaction medium becomes scarce, the
oxidation reaction of the phosphorus group is displaced by the
oxidation of a lignin fragment and the consequent reduction of
the nitro group, obtaining species (IV). The phosphorus group
continues supplying oxygen to the adjoining nitro group until
oxygen is depleted, producing species (V), in which
phosphorus is in a reduced state, forming C3P. In the total
absence of oxygen in the reaction medium, the nitro group
adjacent to C3P is reduced to an amino species (VII), preceded

Scheme 1. ACN Catalytic Lignin Depolymerization Reaction Pathway under Excess and Deficiency of Oxygen

Figure 9. FTIR spectra of Kraft lignin (black line) and reaction residue (purple line) (A). 2D-NMR HSQC spectra of the reaction residue (B).
Inset: summary of main units and linkages in Kraft lignin and the reaction residue calculated from NMR HSQC analysis.
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by the formation of species (VI). Thus, as shown in Figure
8B,C, amino and C3P groups are detected by XPS due to the
depletion of O2 at the end of the reaction. Finally, the result
obtained with the reused catalyst suggests that if oxygen is
newly introduced into the reaction medium, species (VII) is
able to be reoxidized due to the oxygen capture and transfer
capacity of C3P, being able to produce species (I) again,
restarting the catalytic cycle.
3.6. Characterization and Valorization of Residual

Lignin. After the reaction, unreacted lignin is isolated and
recovered as described in Section 2.1. This residual lignin has
been introduced newly into the reaction system, with fresh
ACN as a catalyst, and at 200 °C and 10 bar of oxygen partial
pressure. At the end of the reaction, the yield to vanillin is
negligible (not shown), allowing to conclude that during the
first reaction cycle, all the lignin units susceptible to be
converted to vanillin had been removed. This residual lignin
(RL) has also been characterized to confirm this hypothesis
that shows the FTIR spectrum of lignin before and after
reaction. Most of the peaks found in the fresh Kraft lignin are
maintained, like the peak centered at 1590 cm−1, correspond-
ing to the vibration of the conjugated carbonyl or aromatic
group,58 which seems to have the same intensity before and
after oxidation reaction; however, the band associated with the
vibration of this group with aliphatic conformations (about
1700 cm−1) becomes wider and more pronounced in lignin
after reaction.58 This change can be associated with the
oxidation of side chains under the reaction conditions, which
prevails over the oxidation of aromatic units. This last
oxidation would favor the rupture of the three-dimensional
structure of lignin while maintaining its aromaticity. In
addition, the peak centered at 1025 cm−1, corresponding to
the linear alcohols,86 is reduced after the reaction, since it is
oxidized, giving rise to a greater amount of linear carbonyl
groups. The 2D-NMR HSQC analysis of sample RL shows
that despite the moderate yield toward vanillin achieved, the
amount of β-O-4 bonds has been considerably reduced (Figure
9B), explaining the negligible production of vanillin when this
sample is used again as the reaction feedstock87 and revealing
how the yield achieved toward vanillin cannot be increased
with this feedstock.
Based on the physicochemical properties of RL, the

possibility of producing an activated carbon under the same
conditions as the AC support was studied. Figure 9 reports the
comparison of the N2 adsorption isotherms of AC and
activated carbon obtained by chemical activation of the
reaction residue (RLC). The N2 adsorption−desorption
isotherms and the derived textural parameters (included as
the inset in Figure 10) show well-developed porosity (ABET as
high as 1090 m2/g) and even more developed microporosity
than activated carbon from sodium lignosulfonate (VS = 0.46
cm3/g). Considering its textural parameters, as well as its rich
surface chemistry, with high phosphorus and oxygen surface
contents measured by XPS (3.4 and 13.2% of mass surface
concentration of P and O, respectively, see Figure S6), the
obtained AC has potential applications such as adsorption of
pollutants in gaseous or liquid effluents or as catalytic support.
In this way, the residue from the production of biobased
vanillin would be used, contributing to the circular economy
and to a zero-waste process.

4. CONCLUSIONS
The production of biobased vanillin from the oxidative
depolymerization of Kraft lignin was studied in a batch reactor.
For this purpose, an activated carbon obtained by chemical
activation of a sodium lignosulfonate with phosphoric acid
(ABET= 1290 m2/g and Vmeso = 1.86 cm3/g) was used as
support of two different types of catalysts. The first catalyst
consists of a functionalization with nitric acid of the
phosphorus containing activated carbon, resulting into nitro-
benzene-like structures bonded to the carbon surface (2.5 and
1.25% of surface nitrogen and phosphorus respectively,
measured by XPS). This functionalization allows the
heterogenization of nitrobenzene structures on the activated
carbon, avoiding the use of alkaline nitrobenzene oxidation,
which can produce strong environmental impacts. The second
one is a copper catalyst with 5 wt %, mainly as copper oxide.
A vanillin yield at least 30% higher than that obtained in the

homogeneous (noncatalyzed) reaction was obtained with the
catalyst functionalized with nitro groups (ACN), with this
amount being the maximum yield obtainable with this
technical lignin (3.6%). Although this type of lignin is not
the most adequate to produce vanillin, in the context of a
lignocellulosic biorefinery, the largest market of it could make
its use a very profitable option.
The behavior of ACN was tested in subsequent runs under

the same reaction conditions without any regeneration
treatment, maintaining the same activity (deviation error
lower than 5%). The postreaction XPS analysis and the
catalytic results suggested that the nitro groups present on the
catalyst were responsible for the catalyzed formation of
vanillin, while phosphorus groups present on the activated
carbon acted as an oxygen mediator for the regeneration of the
nitro group.
Within the framework of green chemistry and zero waste

processes, residual lignin (RL) was also used as feedstock in
the production of a new activated carbon. This AC showed a
high specific surface area (ABET = 1090 m2/g) and rich surface
chemistry (P = 3.4% and O = 13.2% measured by XPS),
making it a promising material for liquid- or gas-phase
pollutant removal by adsorption and/or catalysis.

Figure 10. N2 adsorption−desorption isotherms obtained at −196 °C
of RLC and AC. Inset: main textural parameters of RLC and AC.
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(61) Hernández Mañas, A.; Vilcocq, L.; Fongarland, P.; Djakovitch,
L. Lignin catalytic oxidation by CuO/TiO2: role of catalyst in
phenolics formation. Waste Biomass Valorization 2023, 14, 3789−
3809.
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