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Abstract: Lignin is one of the main components of lignocellulosic biomass and corresponds to
the first renewable source of aromatic compounds. It is obtained as a by-product in 100 million
tons per year, mainly from the paper industry, from which only 2–3% is upgraded for chemistry
purposes, with the rest being used as an energy source. The richness of the functional groups in
lignin makes it an attractive precursor for a wide variety of aromatic compounds. With this aim, we
investigated the Pd-catalyzed depolymerization of lignin under mild oxidizing conditions (air, 150 ◦C,
and aqueous NaOH) producing oxygenated aromatic compounds, such as vanillin, vanillic acid,
and acetovanillone. Palladium catalysts were implemented following different strategies, involving
nanoparticles stabilized in water, and nanoparticles were supported on TiO2. Significant conversion
of lignin was observed in all cases; however, depending on the catalyst nature and the synthetic
methods, differences were observed in terms of selectivity in aromatic monomers, mainly vanillin.
All these aspects are discussed in detail in this report, which also provides new insights into the role
that Pd-catalysts can play for the lignin depolymerization mechanism.

Keywords: lignin; oxidative depolymerization; heterogeneous catalysis; metallic nanoparticles;
palladium

1. Introduction

Lignin is a biopolymer based on aromatic units that can be obtained in large amounts
from lignocellulose following several processes, particularly paper production. Therefore,
lignin is a promising source of sustainable aromatic chemicals. However, its transformation
into chemicals is still under-developed. This may be due to the large variety of struc-
tures existing for lignin. Nevertheless, intensive research is currently being undertaken to
find sustainable procedures for viable chemical valorizations, both from lignin and lignin
molecular models, in which catalysis plays a significant role [1–8]. Among the routes for
lignin upgrading, we are interested in oxidative depolymerization to produce oxygenated
aromatic compounds such as aromatic aldehydes, ketones, and carboxylic acids. This
transformation is possible in the absence or presence of catalysts, usually under alkaline
conditions giving yields in the 1 to 7%wt range of vanillin, one of the main products, de-
pending on the lignin botanical origin and extraction process [9–14]. To try to obtain higher
yields of oxygenated aromatics from lignin oxidation, a wide variety of catalysts have been
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evaluated as homogeneous (enzymatic, bioinspired, organometallics, and metallic salts)
and heterogeneous (supported organometallics, perovskites, metal oxides, and supported
metal nanoparticles) and have been described in detail in several reviews to which the
reader is invited to refer [1,9–15].

From the literature cited above, it appears that among the catalytic systems, the use
of metal nanoparticles in solution seems to have never been reported. One of the advan-
tages can be that such systems involve metallic sites that may have better accessibility
to the biopolymer. Our previous work using supported Pt catalysts [16,17], producing
limited yields of aromatic compounds, encouraged us to investigate the behavior of ho-
mogeneous systems for the oxidative depolymerization of lignin. We selected Pd as metal
due to its high oxidative potential as we previously demonstrated on lignin molecular
models [18]. Pd-catalysts have been sparsely studied in oxidative depolymerization. For
instance, Pd/CeO2 was assessed in the oxidative depolymerization of an Organosolv lignin-
delivering vanillin (5%wt) [19]. Sales and co. have studied Pd-based catalysts extensively
for the oxidative depolymerization of lignin. They reported transformation of bagasse
lignin in the presence of Pd/γ-Al2O3, showing clearly that the catalyst increased the yield
of vanillin (up to 2.5%wt), syringaldehyde, and p-hydroxybenzaldehyde. The kinetic model
indicated that the catalyst did not play a role on lignin depolymerization but acted on
following transformations [20]. The objective of the present study was to evaluate a range
of Pd (0) nanoparticles, in suspension or supported, for lignin oxidative depolymerization
in aqueous solvents. Particularly, the effect of nanoparticles in suspension prepared by
a straightforward method, or through an innovative flow technique in supercritical con-
ditions, has been assessed for the first time for lignin valorization. The goal was not to
present efficient catalytic materials with full characterization through the catalytic cycle
but to focus on the role that Pd-species may have on overall reactivity, especially on re-
actions occurring subsequently after depolymerization. For that, we used spectroscopic
techniques with a careful analysis of reaction products to propose different routes forming
main aromatic products.

2. Results and Discussion
2.1. Preparation and Characterization of Catalysts

Various catalysts were implemented in this study. They can be classified into 3 families.
Figure 1 illustrates schematically their methods of preparation, which are briefly described
below with main characterizations. Additional information can be found in the Materials
and Methods section.

Family 1 includes Pd, Au, and PdAu nanoparticles (NPs), stabilized in water by
polyvinylpyrrolidone polymer (PVP). These Pd NPs were prepared according to previously
reported procedures consisting of reducing Na2PdCl4 by NaBH4 in the presence of PVP in
water [18]. Several Pd to PVP stoichiometries were evaluated from 5 to 25 molequiv. of PVP.
Previous results showed that using 10 molequiv. led to the most interesting characteristics
in terms of NPs morphology and size, and the absence of aggregation. Here, Pd-PVP
system 1a was obtained in a concentration of 3.5 mmol L−1 of Pd. The same procedure
was used for preparing Au and PdAu NPs with HAuCl4 and Na2PdCl4 precursors. In the
case of bimetallic NPs, atomic Pd/Au ratios of 3/1 and 1/3 were targeted to exactly adjust
the molequiv. of precursors. Au-PVP 1b was obtained in a concentration of 3.5 mmol L−1

of Au, Pd3Au1-PVP 1c1 was obtained with 2.6 mmol L−1 of Pd and 0.9 mmol L−1 of
Au, and Pd1Au3-PVP 1c2 was obtained with 0.9 mmol L−1 of Pd and 2.0 mmol L−1 of
Au. TEM pictures (Figure 2) present Pd-PVP 1a with a homogeneous dispersion and an
average particle size of 3.85 ± 0.94 nm (Figure 2a). For Au-PVP 1b, a particle size of
3.71 ± 1.89 nm is observed in a very large dispersion ranging from 1 to 11 nm (Figure 2b).
Regarding the bimetallic systems 1c1-2, the average particle size depends on the Pd/Au
ratio; 2.23 ± 0.81 nm is obtained for Pd3Au1-PVP 1c1 and 6.65 ± 2.98 nm for Pd1Au3-PVP
1c2 (Figure 2c,d). For the latter, brighter dispersion is observed with particle size ranging
from 2.5 to 15 nm vs. 1 to 5 nm for the former. Very interestingly, indexing some of these
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particles showed that in both cases the atomic Pd/Au ratio in the bimetallic particles
respects exactly that used for their synthesis. Therefore, no metal segregation occurred
during the synthesis.

Figure 1. Schematic representation of the preparations of the Pd-containing systems (see Materials and Methods section
for details).

Family 2 concerns Pd NPs prepared following an original route investigated in this
publication, in the absence of stabilizing agent. Home-established supercritical fluid flow
synthesis technique was used for the first time to prepare Pd nanoparticles in the absence
of stabilizing agent, with acetone as reaction medium at 200 bar pressure. About twenty
of them were synthesized under fluidic conditions by varying some parameters such
as temperature (250 and 300 ◦C), residence time (31 to 124 s), Pd concentration (5 to
10 mmol L−1), and the presence of formic acid (as possible additional reducing agent);
in a few cases of a surfactant, both may have had an impact on the morphology. The
nanoparticles were obtained as powder after acetone evaporation and drying. The most
representative samples are presented here after a screening via SEM, XRD, and TEM (see
Supplementary Materials for details, Table S1 and Figure S1). For instance, XRD indicates
that a temperature of 250 ◦C was not sufficient for a complete precursor decomposition
whatever the reaction time. Examples of TEM pictures are presented in Figures 3 and 4.
The size and the morphology are affected by the reaction conditions. While Pd NPs
synthesized in the absence of formic acid present irregular morphology (Figure 3a–c), those
prepared in the presence of formic acid display polyhedral morphology (Figure 3d–f). XRD
data (Figure S1) deliver lattice constants of 3.991 Å and 3.879 Å, respectively. Additionally,
those prepared in the presence of formic acid showed high stability both in acetone and
water solution. Further investigations of the synthesis of Pd NPs in the presence of formic
acid showed that the morphology depends on the ratio formic acid/Pd used during the
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synthesis, surfactant, and residence time. Examples are given in Figure 4. While working
with a ratio 10/1, icosahedron and triangular bipyramid (or triangular plate) morphologies
are observed (Figure 4a), and octahedron appeared when working with a ratio 20/1 (in
the presence of oleylamine) (Figure 4b). Rods or bars were observed when excluding
oleylamine but increasing the residence time to 83 s (versus 30 s) (Figure 4c).

Figure 2. TEM pictures and size distribution of the different nanoparticle systems of Family 1.
(a) Obtained from Na2PdCl4. (b) Obtained from HAuCl4. (c,d) Obtained from Na2PdCl4 and
HAuCl4.
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Figure 3. TEM pictures of Pd NPs prepared by the supercritical fluidic approach from Pd(acac)2. Influence of reaction time.
(a–c) in the absence of formic acid, (d–f) in the presence of formic acid.

Figure 4. TEM pictures and size distribution of Pd NPs prepared by the supercritical fluidic approach
from Pd(acac)2. Influence of some synthesis parameters. (a) 0.005 mol L−1 of Pd, 0.05 mol L−1 of
formic acid (10/1), and 30 s. (b) 0.005 mol L−1 of Pd, 0.10 mol L−1 of formic acid (20/1), 0.02 mol L−1

of oleylamine (4/1), and 30 s. (c) 0.01 mol L−1 of Pd, 0.20 mol L−1 of formic acid (20/1), and 83 s.
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On the basis of these first data, materials 2a1–4 obtained from Pd(acac)2 and 2b ob-
tained from Pd(hfacac)2, as powders after acetone evaporation and drying (see Figure 1 and
Table S1 for synthesis conditions), were deeper characterized by TEM (Figure 5). Examples
of pictures for Pd-SC 2a2 and Pd-SC 2b show small Pd particles with an average size of ca.
8–12 nm, indicating particle aggregation upon drying, which was not the case in synthesis
acetone. Plane indexing confirms the presence of Pd (0) (Figure S2). Additionally, for
Pd-SC 2b prepared from Pd(hfacac)2, EDX indicates the presence of inorganic impurities
for any possible reason. To prevent aggregation of Pd NPs, for catalytic applications the
synthesis acetone was displaced by fresh acetone or water, producing materials 2a5 and
2a6, respectively.

Figure 5. TEM pictures of the different nanoparticle systems of Family 2 prepared by the supercritical
fluidic approach in acetone. (a) Obtained from Pd(acac)2 at 300 ◦C. (b) Obtained from Pd(hfacac)2 at
300 ◦C.

To summarize, the study on the synthesis under supercritical fluidic conditions of
Family 2 materials indicates that stabilized Pd NPs of relatively small size and controlled
morphology can be obtained even in the absence of stabilizer during their synthesis. The
very short reaction time necessary for their formation is one of the parameters preventing
coalescence despite aggregation.

Family 3 concerns Pd nanoparticles immobilized on a support (see Figure 1). Three
different materials were prepared following common procedures. The first one was ob-
tained by the deposition of preformed Pd NPs Pd-PVP 1a on TiO2 P25 [18]. Among other
possible supports such as ZrO2 or carbons, TiO2 has been chosen due to its relatively
good hydrothermal stability and ability to stabilize Pd nanoparticles with a narrow size
distribution [16]. To afford best conditions for depositing the Pd NPs onto the support,
the pH of the aqueous solution was adjusted to 2. After stirring for 1 h, the solid material
was filtered, dried, calcined, and reduced, affording Pd-PVP/TiO23a with 2.20%wt of Pd.
Next, Pd/TiO23b and 3c materials were prepared by usual incipient wetness impregnation
of TiO2 P25 by aqueous solution of Na2PdCl4 and (NH3)4PdCl2, respectively. Following
impregnation, the materials were calcined and reduced, producing solids with 2.75%wt
and 2.45%wt of Pd, respectively (see Table 1). Figure 6 presents TEM pictures. As we pre-
viously reported, the average particles of 3a were slightly smaller than 1a, with a narrow
average size of 1.55 ± 0.39 nm (due to partial dissolution with acidic pH) [18], and with
a homogeneous dispersion on the support (Figure 6a). Pd/TiO23b–c prepared showed
larger dispersion of particle size, with an average of 2.04 ± 0.97 nm and 2.42 ± 0.57 nm,
respectively, as expected for this preparation method (Figure 6b,c). Note that BET analyses
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showed surface area in the range of 54–58 m2 g−1, very close to that of the parent TiO2
support (57 m2 g−1) (see Table 1).

Table 1. Characteristics of materials of Family 3.

Catalyst Pd Content ± 0.05
(%wt)

S(BET) ± 0.5
(m2 g−1)

TiO2 - 57
Pd-PVP/TiO23a 2.20 57

Pd/TiO2 from Na2PdCl43b 2.75 54
Pd/TiO2 from (NH3)4PdCl23c 2.45 58

Figure 6. TEM pictures and particle size distribution of the different solids of Family 3. (a) Ob-
tained by impregnation of Pd-PVP 1a on TiO2. (b) Obtained by impregnation of Na2PdCl4 on TiO2.
(c) Obtained by impregnation of (NH3)2PdCl4 on TiO2.

2.2. Lignin Reactant

Kraft lignin used in this study was provided by FCBA. It was isolated from a Pinus
pinaster black liquor from paper industry following a reported procedure [9,21]. In short,
CO2 bubbling in the black liquor precipitated lignin by lowering pH from 10 to 8. Lignin
was recovered by centrifugation and washed with a 2%wt H2SO4 aqueous solution. Purity
was estimated at 90–96%, due to the presence of ca. 1.5%wt of ashes and 2%wt of sulfur.

As previously reported [9,16], this Kraft lignin was characterized using complemen-
tary techniques. In addition to elemental analysis (see Table S2), spectroscopic methods
allowed one to improve one’s knowledge of the structure. FTIR-ATR (Figure 7) confirms
the softwood origin of this lignin, particularly through the bands at 1270, 1125, 855, and
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810 cm−1, corresponding to guaiacyl (G) units, which is coherent with the absence of bands
expected at 1326 and 1115 cm−1 for syringyl (S) units. Next, FTIR displays bands at 1600,
1515, and 1425 cm−1 attributed to aromatic rings, at 2960, 1850 and 1460 cm−1 to alkyl
moieties, and at 1715 and 1705 cm−1 to unconjugated carbonyls. Noticeably, FTIR spectrum
presents clearly a band at 1365 cm−1 corresponding to free phenolic hydroxyls.

Figure 7. FTIR-ATR spectrum of Kraft lignin reactant.

Structural analysis with NMR, already reported elsewhere [9], was not very infor-
mative for the purpose of this study (Figure S3 and Table S2). However, Kraft lignin was
further characterized through advanced NMR techniques. First, 31P NMR was very useful
to quantify the OH groups present within the material as well as their nature after deriva-
tization with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (see Table 2
and Figure S4). As expected from lignin structure, when comparing data from 31P NMR
and elemental analyses, all the O atoms composing lignin are not found as OH groups,
whatever the nature, but are mostly engaged in ether bonds (ca. 70%).

Table 2. Quantitative data concerning OH groups in the initial lignin, obtained by derivatization
with TMDP and classified by nature (see Figure S3). Comparison with elemental analysis data.

OH Group
(31P NMR Chemical Shift)

OH Content ± 0.05
(mmol glignin

−1)

aliphatic (149–145 ppm) 1.75
syringyl and condensed units (144–140 ppm) 1.35

guaiacyl (140–138 ppm) 1.70
p-hydroxyphenyl (138–133 ppm) 0.15
carboxylic acids (135–133 ppm) 0.30

Total 5.25

Analytical Method O Content
(%wt)

31P NMR 8.40 ± 0.05
elemental analysis 29 ± 0.5

ratio of O analyzed by 31P NMR 29%
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Then, HSQC analysis delivered information on the inter-unit linkages that could be
counted via a semi-quantitative approach (Figure 8) [22]. Oxygenated aliphatic region
(Figure 8a; δH 2.6–6 ppm; δC 50–105 ppm) corresponding to aliphatic C-H next to an oxy-
gen shows correlations attributed to the interunit bonds as β-O-4 (A), β-β (B) (Bγ-δH/δC
4.7/72 ppm), and β-5 (C) (Cα-δH/δC 5.5/87 ppm; Cβ-δH/δC 3.55/54 ppm). The main
interunit bonds β-O-4 gave three well characteristic correlations (A/A’/A”) as Aα (δH/δC
4.85/73 ppm), Aβ (G/H) (δH/δC 4.35/83 ppm), and Aγ (δH/δC 3.75/61 ppm; A’γ-δH/δC
4.2/72 ppm; A”γ-δH/δC 3.85/64 ppm). Residual carbohydrates were also observed (δH/δC
3.2/63 ppm). The aromatic region (Figure 8b; δH 4.9–8 ppm; δC 90–160 ppm) shows correla-
tions corresponding mainly to the guaiacyl (G) units (G2-δH/δC 7.15/110 ppm; G5-δH/δC
7.05/118 ppm; G6-δH/δC 7.02/120 ppm) and p-hydroxyphenyl units (H) (H2,6-δH/δC
6.20/126 ppm). Noticeably, there is no correlation characteristic from syringyl (S) units,
as expected from a Kraft lignin issued form pine wood. Correlation attributed to ferulic
moieties (FA) (FA2-δH/δC 7.45/117 ppm; FA6-δH/δC 7.25/122 ppm) was also observed.
Semi-quantitative analysis delivered the proportion of interunit bonds expressed per 100
aromatic CH units as 6.5 β-O-4, 3.0 β-β and 2.0 β-5, applying the reported method [22]
with a G/S/H composition of 88/0/12 via the volume integration. All these data agree
with those generally reported in the literature for similar lignins.

Figure 8. HSQC spectrum (48 scans) of initial Kraft lignin. (a) Oxygenated region; (b) aromatic region.

2.3. Lignin Depolymerization Studies

Lignin oxidation was carried out under basic conditions at 150 ◦C in a batch reactor
equipped with an air ballast to maintain a constant pressure. The reaction starting time was
defined once the reactor reached the desired temperature under inert atmosphere, before
being pressurized under air (20 bars). After removing the solid catalyst (if any) by filtration,
the reaction mixture was acidified to pH 1 by dropwise addition of a 10% HCl solution.
The precipitate was recovered from the aqueous solution by centrifugation leading to the
so-called“acid-insoluble phase”, which corresponds mainly to the residual (insoluble) part
of lignin. Extraction from the aqueous solution with CH2Cl2 led, after CH2Cl2 evaporation
and drying, to the “organic phase”, corresponding to the mixture of organic products such
as aromatics. Then, the aqueous solution was evaporated and the residue was dissolved
with THF to remove inorganic salts. After filtration, THF evaporation, and drying, this
produced the “aqueous phase”, corresponding to the mixture of water-soluble organic
products such as aliphatic carboxylic acids (See Material and Methods for details). Figure 9
presents the conversion of lignin in terms of fractions described above, and Figure 10
presents the yields of the aromatic compounds analyzed in the organic fraction. Reaction
conditions are described in Figures 9 and 10.
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Figure 9. Influence of the catalysts on the fractionation of the reaction mixture after lignin depolymer-
ization (150 ◦C, pair 20 bar, 1 h, Clignin 5 g L−1, CNaOH 10 g L−1, and CM 0.05–0.5 g L−1 [M = Pd or
Au]); 1% refers to a mass of Pd corresponding to 1%wt of the lignin giving a Pd loading of 0.05 g L−1,
and 10% refers to a mass of Pd corresponding to 10%wt of the lignin giving a Pd loading of 0.5 g L−1.

Figure 10. Influence of the catalysts on the yields of aromatic contained in the organic phase after
lignin depolymerization (150 ◦C, Pair 20 bar, 1 h, Clignin 5 g L−1, CNaOH 10 g L−1, CM 0.05–0.5 g L−1

[M = Pd or Au]); 1% refers to a mass of Pd corresponding to 1%wt of the lignin giving a Pd loading of
0.05 g L−1, and 10% refers to a mass of Pd corresponding to 10%wt of the lignin giving a Pd loading
of 0.5 g L−1.

2.3.1. Depolymerization in the Absence of Catalyst

In initial experiments, lignin was treated in the absence of catalyst under inert atmo-
sphere (N2). The first experiment was stopped once the desired temperature was attained
(150 ◦C), and a second experiment was conducted over 1 h at 150 ◦C. Both reactions
gave the same results in terms of fractionation: 93–100% of acid-insoluble phase, 6–8% of
aqueous phase, and 6% of organic phase (Figure 9). Deep analysis of the organic phases
revealed that both contain ca. 0.5% of vanillin, 0.2–0.3% of acetovanillone, 0.2% of guaiacol,
and a few vanillic acid (Figure 10). Therefore, heating the reaction mixture under inert
atmosphere did not lead to lignin depolymerization, validating the notion that an oxidant
has to be present for deep reactivity.

As a consequence, treating lignin with air under same conditions gave very different
results depending on the presence or not of a catalyst. In the absence of catalyst, the acid-
insoluble phase proportion dropped from 93 to 18%, confirming the reactive role of the air
(or O2) atmosphere in lignin depolymerization. At the same time, the proportion of the
organic phase (aromatic products) increased from 6 to 14% and that of aqueous phase from



Catalysts 2021, 11, 1311 11 of 20

6 to 62%. Thus, the main part of the light product issued from lignin depolymerization was
present within the aqueous phase due to favorable formation of water-soluble compounds.
Analysis of the organic phase revealed that ca. 2.5% yield of vanillin was obtained, besides
other aromatic compounds in a range of 0.5% yield.

2.3.2. Depolymerization in the Presence of Catalyst Families 1 and 2

The addition of a catalyst modified the proportions of the different fractions. When
using Pd NPs-PVP 1a (at loading of 0.05 g L−1 of Pd), the proportion of the acid-insoluble
phase increased from 18 to 45% and while that of the aqueous phase dropped from 60 to
40%, while that of the organic phase increased slightly from 15 to 20%. The distribution of
organic aromatics present in the latter remained almost identical. Attempts to improve the
catalyst activity and selectivity by changing Pd to Au and developing bimetallic systems
of PdAu did not deliver the expected results. Au-PVP 1b appeared to be less active than
Pd-PVP 1a, and lignin conversion stayed limited to 25% without strongly affecting the
yields of identified aromatic compounds. This partly contrasts with the results observed in
previous study using Au/TiO2 where very high lignin reactivity (conversion over 90%) was
obtained despite very low yield of aromatic compounds [16]. When using bimetallic PdAu
systems 1c, despite good reactivity with 50–60% of lignin conversion, yield of vanillin
dropped below 2% (ca. 1.7% and 1.0% with Pd3Au1 1c1 and Pd1Au3 1c2, respectively) and
total yields of identified aromatic products were below what was observed with other
catalytic systems. Noticeably, when using Pd1Au3 1c2, the yield of vanillic acid increased
to ca. 2%. This catalyst presents the highest selectivity (55%) of this product, probably
acting somewhat differently than the other systems (see text below and Figure 10).

Concerning the Pd catalysts prepared under supercritical acetone fluidic conditions, no
influence of the palladium precursor was observed since 2a1 and 2a2 prepared, respectively,
from Pd(acac)2 and Pd(hfacac)2 gave approximatively the same results in term of fraction
proportions with 15% of acid-insoluble phase, 50% of aqueous, and 15% of organic phases.
Except a lower amount of aqueous phase, these are close to results without catalyst.
Regarding the corresponding organic phase, it is noticeable that for both, ca. 2% yield of
vanillin, 0.5% yield of acetovanillone, and 0.2% yield of vanillic acid were obtained. Except
for vanillic acid, these yields are close to those obtained when using Pd-PVP 1a. Using
formic acid during the Pd NPs synthesis under fluidic conditions did not strongly affect
the results as the catalysts 2a3 and 2a4 gave approximatively the same fractionation and
product yields as 2a1–2 and 2b did. Nevertheless, a decrease in the amount of the organic
phase from 15 to 8% in favor of the acid-insoluble phase (from 15 to 25%) was observed.
This lowering of the organic phase proportion directly affected the yield of vanillin, which
decreased to ca. 1.5%. Unexpectedly, 2a2 prepared from Pd(acac)2 at longer residence time
and higher temperature (124 s, 300 ◦C) gave lower lignin conversion with an increased
acid-insoluble phase of 42% (vs. 15%) and organic phase of 23% (vs. 15%); however,
mass balance overtakes 100%, which is the sign of an issue in the procedure (see below).
Except slightly greater yield for vanillic acid (ca. 1%), no differences were observed in the
composition of the organic phase. Finally, the use of 2a5 and 2a6, which were prepared from
Pd(acac)2, for which the synthesis acetone solvent was slowly exchanged by fresh acetone
and water, respectively, delivered uncommon results. Both catalysts produced 35% of
acid-insoluble phase, but the proportion of aqueous and organic phases depends strongly
on the nature of the medium. While 2a5 (in fresh acetone) gave 30% of aqueous together
with 45% of organic phase, 2a6 (in water) gave inversed proportion with 55% aqueous and
10% organic phase, corresponding more to what was observed with other Pd catalysts. The
analysis of the organic phase was also very informative. If 2a6 delivered classical aromatic
compounds in relatively good yields (ca. 1.8% for vanillin, 0.7% for acetovanillone, and
1.5% for vanillic acid, in the range as the results previously obtained), 2a5 led to low
yields (<0.5%) along with the formation on another product that was identified by GC-
MS to be an orthodiquinone (see Figure S5). While this compound was expected when
addressing lignin depolymerization under oxidative conditions, it was never observed
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in the other experiments. Therefore, to attempt explanation, some control experiments
were performed in a mixture of water and acetone (1: 0.15) in the absence of catalyst and
in the presence of Pd-PVP 1a. In both cases, identical orthodiquinone compound was
formed in ca. 2–2.5% yield, confirming the role of acetone in this reaction. To date, no
definitive reasons concerning orthodiquinone formation have been identified, but we can
suggest that acetone acts as a hydrogen acceptor probably favoring deeper oxidation of
some of the produced aromatic compounds to diquinone, or other providing routes to
lignin depolymerization.

To summarize, the presence of a soluble catalytic system seems to not greatly influence
the oxidative depolymerization of lignin. This does not mean that there is no catalytic
effect since some differences are observable and deserve more attention (see following
sections). From all evaluated Pd NPs, those prepared in the presence of PVP delivered the
most interesting results both in terms of lignin conversion (55%) and selectivity towards
identified aromatic compounds (around 10% of overall selectivity corresponding to 40%
on organic phase basis only). This is why we were interested in immobilizing Pd NPs from
this family on a stable metal oxide support TiO2 giving Pd-PVP/TiO2 3a. For comparison,
other Pd/TiO2 catalysts 3b and 3c prepared through usual incipient wetness impregnation
were also assessed.

2.3.3. Depolymerization in the Presence of Catalyst Family 3

When deposited on TiO2, it seems that the effect of Pd-PVP NPs decreased. Indeed,
when using Pd-PVP/TiO2 3a (Pd 1%wt), more acid-insoluble phase was recovered and
very close results to those achieved without any catalyst were obtained. Regarding the
composition of the corresponding organic phase, it can be noticed that the catalysts did not
improve the formation of vanillin. No effect of this catalyst was evidenced. Increasing the
Pd loading in the mixture by introducing more of 3a (Pd 10%wt) presented two noticeable
but reverse “apparent effects”: first, by clearly increasing the proportion of acid-insoluble
phase at the expense of the aqueous one, ensuring lower lignin reactivity; then, by de-
creasing the yield of vanillin to ca. 0.5% in favor of vanillic acid formation that raised to
ca. 2.0%. This resulted in higher or different reactivity of intermediates. This tendency
with high Pd loading was confirmed by using Pd-PVP 1a at Pd 10%wt (data not presented).
Here, the yield of vanillin dropped to ca. 0.5% (however, no vanillic acid was detected,
probably because of analytical issues due to the relatively large amount of PVP in this case).
Nevertheless, an increased amount of guaiacol was observed with a yield close to ca. 1.5%,
suggesting a decarbonylation of produced vanillin upon palladium catalysis [23], confirm-
ing that different reaction routes are possible. A possible explanation is that when 3a was
introduced at 10%wt compared to 1%wt, a large proportion of Pd leached into the solution,
thereby increasing the accessibility of soluble primary products that reacted further, leading
on one side to oxidized compounds and on the other to polymeric materials that can be
recovered within the acid-insoluble phase mixed with unreacted lignin matrix. Different
behaviors were observed with the catalysts prepared by incipient wetness impregnation
and used at a Pd loading of 1%wt. Catalysts 3b and 3c delivered results somewhat different
in terms of lignin conversion when they reached 73% with 3b vs. 63% with 3c. Additionally,
a higher proportion of the organic phase was observed. Nevertheless, this did not reflect
on target aromatic compounds formation since close yields were obtained: vanillin with
ca. 2.5% yield, acetovanillone 0.7% yield, and vanillic acid 1.0–1.5% yield. Compared to
3a 10%, close data were obtained in terms of reaction mixture fractionation. However, the
selectivity of aromatic compounds was completely different. For 3a, the highest selectivity
was observed for vanillic acid (45%), whereas that observed for Pd/TiO2 (independently
of the palladium precursor) was for vanillin (50–55%). This selectivity is similar to that
obtained with Pd-PVP 1a (50%). Thus, Pd/TiO2 catalysts 3b and 3c reacted similarly to
Pd-PVP 1a. This contrasts with the results observed with Pd-PVP/TiO2 3a, probably due
to different palladium accessibility and/or stability.
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2.3.4. Mechanistic Considerations

Except in few cases, all Pd catalysts discussed above delivered similar results with
the same tendency. Lignin conversion generally reached 50–80%, sometimes below that
obtained without catalyst (80%). Since it appears unlikely that a catalyst inhibited lignin
conversion, this observation is most likely and suggests that recombination reactions
between untransformed lignin and products or lignin moieties occurred. These heavy
compounds recovered in the acid-insoluble phase, leading to a lower apparent conversion.
Additionally, yields of vanillin were generally not strongly affected by the nature of the
catalyst and stayed in the 2.0–2.5% range (except for Au based catalysts 1c1–2, Pd-PVP/TiO2
(with Pd 10%wt 3a) and catalysts prepared under supercritical fluidic conditions 2a4 and
2a5 giving a lower yield).

Therefore, we were interested in better understanding the potential role of Pd species.
Accordingly, we selected Pd-PVP 1a catalyst. In a first approach, FTIR spectra of acid-
insoluble phases obtained after a blank run and a catalyzed reaction, both performed
under air atmosphere, were recorded and compared to that of initial Kraft lignin. Figure 11
shows that after reaction under air, and more particularly for catalyzed reaction, the in-
tensities of the band at 1515 cm−1 (characteristic of the aromatic moieties within lignin
structure) and of that at 1030 cm−1 (characteristic of ethers bonds) decreased, attesting to
lignin depolymerization. In the meantime, the intensity of the band at 1650 cm−1 (char-
acteristic of conjugated carbonyl such as benzaldehydes or quinones) increased strongly,
attesting to oxidation of the lignin structure. This was much more pronounced for the
catalyzed reaction.

Figure 11. FTIR spectra of initial lignin and acid-insoluble phases after catalyzed and un catalyzed
reactions (150 ◦C, Pair 20 bar, 1 h, Clignin 5 g L−1, CNaOH 10 g L−1, and Pd 10%wt).

Further insights were obtained from semi-quantitative analyses of initial Kraft lignin
and acid-insoluble phases by HSQC NMR spectroscopy (Table 3). Data show that the inter-
unit structural bonds were degraded during the reaction as the β-O-4, β-β, and β-5 content
decreased during both reactions. Interestingly, the β-O-4 content that decreased was more
marked for the catalyzed reaction, suggesting that here (re)condensations occurred as
generally observed for lignin, prone to condensation reaction during extraction.
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Table 3. Semi-quantitative analysis of initial Kraft lignin and acid-insoluble phase by HSQC NMR.

Bond 1 In Kraft
Lignin

After Reaction
without Catalyst

After Reaction
with Pd-PVP 1a

β-O-4 6.4 0.4 0.2
β-β 2.9 0.3 0.5
β-5 2.0 0.6 0.8

1 For 100 aromatic units. Calculated according to [22].

Conclusions drawn from the spectroscopic data are supported by performing reactions
using an acid-insoluble phase obtained from a catalyzed reaction as a reactant. Under same
conditions, this acid-insoluble phase led to further depolymerization, with conversion
reaching 60%, together with the formation of an organic (13%) and aqueous (45%) phase.
However, in contrast, with Kraft lignin as reactant, the organic phase contained almost no
aromatic compounds (total yield of ca. 1% with selectivity of vanillin of 40%). This observa-
tion supports, therefore, deep lignin transformation during the oxidative depolymerization,
as primarily suggested by FTIR and HSQC NMR investigations.

Spectroscopic data, together with additional catalytic reactions with acid-insoluble
phase, indicate that lignin oxidation/transformation/depolymerization occurred to de-
liver a mixture of aromatic compounds, water-soluble products, and deeply modified
non-depolymerized lignin. This occurs even in the absence of catalyst due to the basic
conditions [9]. The presence of Pd species may help to perform such reactivity, especially
oxidations, as proposed in Scheme 1. One possibility (Route a) involves a single-electron
lignin dehydrogenative oxidation step at Cγ followed by base-catalyzed retro-aldol re-
action giving “so-like coniferyl based-structures”, delivering the expected compounds,
particularly vanillin in our case [24,25]. From our previous studies [18] and literature, we
can also propose that Pd favors the oxidation of the benzylic OH group at Cα through the
formation of Pd-OCαH under basic conditions, followed by hydride abstraction forming
the Cα = O group (Route b). Then, a second step, well-supported by quantum chemistry,
may involve keto-enol tautomerization before Cα-Cβ bond cleavage, delivering aceto-
vanillone [26]. Finally, following the oxidation at Cα position, a base-catalyzed process
taking place at the Cβ position can deliver corresponding vanillic acid (Route c), which is
apparently the only step in which oxygen atoms from O2 are introduced in a molecular
product [27,28]. The chemoselectivity leading (mainly) to vanillin, acetovanillone, and
vanillic acid is regulated by the reactivity splitting between these routes. In our studies,
except with Pd-PVP/TiO2 (Pd 10%wt) 3a, Pd1Au3-PVP 1C2, and Pd-SC-water 2a6, which
favor vanillic acid probably due to higher oxidation activity, the selectivity was always in
favor of vanillin. Acetovanillone was observed in low amount, suggesting that under our
conditions tautomerism step was slower compared to Cβ-base-catalyzed oxygen addition.
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Scheme 1. Proposed mechanisms for reactions occurring during the Pd-catalyzed lignin depolymerization under oxidative
conditions based on [24–28].

3. Materials and Methods
3.1. General Information

All chemicals and solvents were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier,
France), Merck Chemicals (Fontenay-sous-Bois, France), or Alfa Aesar (Kandel, Germany)
in their highest purity and used as received. TiO2 P25 was obtained from Evonik (Evonik
Industries AG, Essen, Germany) and used without pre-treatment.

3.2. Procedures for Synthesis of Catalysts

Catalyst 1a was prepared as previously reported [18]. In short, Na2PdCl4 (7.05 × 10−5 mol of
Pd) was dissolved in water (8 mL) at room temperature. A solution of PVP K30 (10 molequiv./Pd)
in water (8 mL) was added slowly. The mixture was stirred for 30 min. A solution of NaBH4
(2.5 molequiv./Pd) in water was added quickly, giving a black suspension of Pd (0) nanoparticles
(3.5 mmol L−1). The suspension was stable with time and could be used after 24 h as catalytic
system. Catalysts 1b and 1c1-2 were synthesized following the same procedure using HAuCl4
as precursor.

Catalysts 2a1–6 were prepared from Pd(acac)2 and catalyst 2b from Pd(hfacac)2 in
supercritical fluid flow conditions using acetone as solvent [29]. The synthesis system
consists of injecting the acetone solution (200 mL, 10 mmol L−1 of Pd, 5 mmol L−1 for
2a4) using a HPLC pump into a reactor (1/8” tubing, 540 cm, 7.17 cm3) heated at 300 ◦C.
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An outlet connecting to an ice bath collects in flow post-synthesis Pd solutions. For 2a3
and 2a4, formic acid (100 mmol L−1 and 20 mmol L−1, respectively) was added to the
initial acetone solution. After collection of the reaction mixture, the reactor was rinsed by
flushing several times fresh acetone with a sudden change of the pressure (200 to 1 bar).
With Pd (hfacac)2, a significant number of particles were also collected during the rinsing
steps. Materials 2a1-4 and 2b were obtained as powder after synthesis acetone evaporation
and drying. Dissolution in water in the presence of PVP formed the catalytic system (see
below). Materials 2a5 and 2a6 were obtained in synthesis acetone. Acetone was displaced
slowly by fresh acetone or water, delivering solutions serving as catalytic systems.

Catalyst 3a was prepared as previously reported by impregnating TiO2 by an excess
of solution 1a [18]. Before impregnation, the pH of solution was buffered to 2 by addition
of HCl 10%. The suspension was stirred for 1 h at room temperature. After filtration, the
resulting solid was dried, calcined (450 ◦C, air flow, 3 h), reduced (300 ◦C, H2 flow, 3 h), and
passivated (25 ◦C, 1% O2/N2 flow, 30 min) to give a solid with 2.2%wt of Pd (57 m2 g−1).
The same procedure was applied for the preparation of catalysts 3b and 3c by classical
incipient wetness using a solution of Na2PdCl4 and (NH3)2PdCl4, giving solids whose
characteristics are reported in Table 3.

3.3. Procedures for Characterization of Catalysts

Transition Electron Microscopy pictures were obtained on a JEOL 2010 apparatus
with LaB6 tip (JEOL Ltd. Tokyo, Japan), an instrumental magnification of 50,000× to
100,000×, and an acceleration voltage of 200 kV. The microscope was equipped with an
EDX link ISIS analyser from Oxford Instruments (Oxford Instruments France, Gometz-
la-ville, France). Samples were prepared depending on the synthesis mode, either as
dispersion of the solid in ethanol or directly as water drop, by deposition on standard holey
carbon-covered copper TEM grids. The size distributions were determined via manual
analysis of enlarged pictures by measuring ca. 200 particles to obtain a statistical size
distribution and a mean diameter.

Pd and Au content were determined by ICP-OES (Activa Horiba Jobin-Yvon, Longjumeau,
France). The solid was dissolved with HCl/HNO3, followed by complete water evaporation
before further digesting the residue in conc. HCl at 250–300 ◦C.

Specific surface area was determined from BET equations. Analysis was carried out on
an ASAP 2020 of micromeritics (Micromeritics France SARL, Mérignac, France), equipped
with two pressure sensors using N2 at a temperature of −196 ◦C. Samples were previously
desorbed for 3 h at 300 ◦C under high vacuum.

3.4. Procedures for Lignin Reactivity

Reactions of lignin were carried in a 300 mL closed reactor equipped with a mechanical
agitation and connected to an air reserve to maintain a constant pressure. The reactor
containing 150 mL of a NaOHaqu. solution (Clignin 5 g L−1, CNaOH 10 g L−1, measured
pH 13.5) was flushed then times with N2 and then heated to 150 ◦C under 500 rpm agitation.
The reactor was then pressurized under air (20 bars) at 1500 rpm agitation, defining the
starting time of the reaction. When a catalyst was present, the solution 1a-c1-2 or 2a5-6
was used directly as catalytic system. Materials 2a1–4 and 2b were dissolved in water in
the presence of PVP (10 molequiv./Pd) using ultra-sounds, producing a catalytic system
that was added to the lignin solution. Solids 3b–c were introduced as prepared in the
lignin solution. In all cases, the stoichiometry was adapted to introduce the same amount
of Pd in the reactor. After a given time, the reaction was stopped by cooling the reactor
in an ice bath. After solid catalyst separation (3b–c) by filtration, the reaction mixture
was acidified by adding HCl 10% (8 mL) to pH 1 to precipitate the non-liquefied lignin
and dissolve Pd species of Families 1 and 2. This solid was recovered by centrifugation
(4000 rpm, 10 min), washed with HCl 10% (10 mL) then water (10 mL), and dried under
dynamic vacuum (5 × 10−5 mbar), leading the acid-insoluble phase. The solution was
washed with CH2Cl2 (3 × 100 mL) to extract the aromatic products left after evaporation
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under vacuum (5 × 10−3 mbar) in the “organic phase”. The remaining aqueous phase
(containing salts (NaCl) and water-soluble organic compounds) was dried under vacuum
and washed with THF (5 mL several times until decolouration). All THF fractions were
collected and evaporated under vacuum (5 × 10−3 mbar) to obtain the “aqueous phase”.

3.5. Procedures for Analysis of Reaction Mixture

The number of various types of products (solid, aromatic organics, and water-soluble
organics) was expressed as proportions of the acid-insoluble, organic, and aqueous phases,
respectively, from the initial lignin, according to the following equation:

Fraction (%) =
mdried phase

mlignin introduced
× 100

The conversion of the lignin was expressed as:

Conversion (%) = 100 − Facid insoluble phase

The composition of the organic phase (aromatic organics) was determined using
gas chromatography. Analyses were performed on a Shimadzu GC-2010 chromatograph
(Shimadzu Europa GmbH, Duisburg, Germany) equipped with a FID detector, a AOC-
20i+ autosampler and a Macherey-Nagel Optima 5 MS Accent column (5% diphenyl-95%
dimethylpolysiloxane, 30 m, 0.25 mm, 0.25 µm) (Macherey-Nagel SAS, Hoerdt, France).
Hydrogen was used as carrier gas, and the program was 60 ◦C for 2 h, up to 150 ◦C
(30 ◦C min−1), up to 200 ◦C (2 ◦C min−1), and up to 260 ◦C (10 ◦C min−1), for 2 min. Yields
were determined by calibration of commercial samples with decane as external standard.

Elemental analyses were performed at the Institut des Sciences Analytiques of CNRS
(ISA, Villeurbanne, France). Oxygen content was measured after pyrolysis and quantifica-
tion of CO by a specific IR detector. Carbon, hydrogen, nitrogen, and sulfur contents were
measured after total combustion of the sample and quantification of CO2, H2O, N2, and
SO2 by a thermal conductivity detector.

Infrared spectra (FTIR) were recorded on a Thermo Fisher Scientific Nicolet iS5 spec-
trometer (Thermo Fisher Scientific, Illkirch, France) in the range 4000–525 cm−1 in attenu-
ated total reflectance (ATR) mode.

NMR spectra were acquired on a Bruker AVANCE III 400 MHz (Bruker Corpora-
tion, Billerica, MA, USA) equipped with a BBFO probe (Z gradient). Chemical shifts
were given relatively to the deuterated solvents in case of 13C NMR (CDCl3 δ = 77.0 ppm,
(CD3)2SO δ = 39.7 ppm), or to the residual protic solvent for 1H NMR (CDCl3 δ = 7.26 ppm,
(CD3)2SO δ = 2.50 ppm). For 31P NMR, the chemical shifts were that of the products of
the reaction of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) with hydroxyl
groups of lignin in pyridine-CDCl3 solvent (relative to H3PO4 80%). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q= quartet, and
m = multiplet), coupling constants (J Hz), integration, and assignments. For 1H NMR
analysis, around 8 mg of sample was dissolved in 0.6 mL of a solution containing TKS
(concentration: 0.04 mg gsolution

−1) in (CD3)2SO. For 13C and HSQC NMR analyses, 50 mg
of sample was dissolved in 600 mg of (CD3)2SO. For 13C experiments, 0.1 mL of a solution
containing tetramethylthiourea (40 mg gsolution

−1) and Fe(acac)3 (4 mg gsolution
−1) was

added to the sample. Acquisitions were performed at 50 ◦C overnight (13C 11,000 scans;
HSQC 48 scans). The characterization of hydroxyl groups of lignin was realized using
the method based on 31P NMR after derivatization with TMDP enabling quantification
of different OH groups (phenol, aliphatic, and carboxylic) using cyclohexanol as internal
standard. For that, an accurate mass of the sample (30 mg) was dissolved in 0.5 mL of a
solution of cyclohexanol (3.95 mg gsolution

−1) in a combination of pyridine and DMF (1/1)
before addition of CDCl3 (200 mg) and TMDP (100 mg).
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4. Conclusions

Palladium-based catalysts were evaluated for depolymerizing Kraft lignin under aque-
ous basic condition in a close reactor under air (oxidative conditions). The catalysts were
prepared following several routes, leading to several types of systems. The routes included
the formation of Pd (and Au) PVP-stabilized nanoparticles in water, the preparation of
Pd nanoparticles in the absence of an external stabilizer through an innovative method-
ology in supercritical acetone flow conditions, and the preparation of Pd-nanoparticles
supported on TiO2 from different precursors. All catalytic systems were characterized by
dedicated techniques. Data showed that, except for the materials prepared under supercrit-
ical fluidic conditions, small nanoparticles could be obtained, in the range of 1.5–7.0 nm.
When prepared under supercritical fluidic conditions, Pd nanoparticles showed greater
average diameter, between 10 and 12 nm, but it was demonstrated that variation in some
reaction parameters (Pd precursor, residence time, temperature, co-reagent as formic acid)
allowed one to somewhat control the morphology. When analyzed in solution at the
reactor outlet, usually well-defined particles were observed, with morphologies varying
from icosahedrons, to triangular bipyramids, to rods or bars. However, after drying or
acetone displacing, as required to perform the catalytic tests, morphologies were not further
observed since generally aggregates were obtained. TEM showed that, depending on the
synthetic conditions, particles with an average size of 9–12 nm could still be obtained.

These catalysts of different types were evaluated in Kraft lignin oxidative depoly-
merization under aqueous basic conditions. Generally, all evaluated catalysts, except few
exceptions, delivered very close results: lignin apparent conversion reached 50–70%, with
vanillin being the main aromatic compound produced in yields varying from ca. 1.5 to
2.5%. These results fall in the range of what can be found in the literature. Unexpectedly,
compared to the absence of catalyst, lignin conversion was not improved, but the acid-
insoluble phase was generally increased from 20% to 50%, without affecting strongly the
yields of aromatic products. This leads to the hypothesis that recondensation reactions, less
favored in the absence of catalyst, occurred through Pd-catalyzed reactions. Spectroscopic
investigations by FTIR and HSQC NMR on both initial Kraft lignin and the acid-insoluble
phase strongly support this possibility.

Nevertheless, we demonstrated in some cases that by varying the type of the catalyst,
noticeably different selectivity can be achieved regarding produced aromatic compounds.
While generally, with PVP-stabilized Pd and Au nanoparticles in water, vanillin was the
main aromatic product, selectivities can favor vanillic acid when using Pd nanoparticles
immobilized on TiO2 or PVP-stabilized Au3Pd1. Here, with a close lignin conversion,
selectivity of vanillic acid increased to 60% vs. 15–30%. In addition, we observed that
when acetone was present in the reaction mixture (from the catalysts obtained under the
fluidic approach), an orthodiquinone formed with a significant yield. The mechanism
for its formation has not been elucidated so far, but it seems reasonable to propose that
acetone, in the presence of Pd species, induced another route for lignin oxidation involving
its hydrogen acceptor properties.

In general, deeper insights to establish structure/reactivity relationships when using
noble metal catalysts (here Pd, Au) for depolymerizing lignin to functional aromatic
compounds are still needed. From this study, as far as the formation of vanillin from
Kraft lignin is concerned, the best catalysts were PVP-stabilized Pd nanoparticles in water,
or Pd/TiO2. For the formation of vanillic acid, Pd-PVP/TiO2 or PVP-stabilized Au3Pd1
nanoparticles in water are preferred. In addition, the recovery of catalysts, either for
recycling or reuse, needs to be envisioned. Here, supported metal nanoparticles present
a clear advantage. In light of the data provided by these results, work is ongoing with
the aim of achieving better control of the morphology, stability, and recovery potential of
noble metal-based catalysts. In addition, the possibility of using metals with fewer oxidant
behaviors, such as cupper, is being investigated. This is to be linked to the selectivity of the
depolymerization of lignin, particularly by attempting to prevent recondensation reactions
that certainly occur and limit good yields of desired oxygenated aromatic products.
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