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erformance of heterogeneous
palladium based catalysts in the mild reductive
depolymerization of soda lignin through addition
of a non-noble metal and tuning of the preparation
strategy†

Tibo De Saegher,a Boyana Atanasova,a Pieter Vermeir,b Kevin M. Van Geem, c

Jeriffa De Clercq,a An Verberckmoes a and Jeroen Lauwaert *a

Research towards mild reductive depolymerization of lignin is gaining momentum because of its potential

for producing sustainable functionalized aromatics, but achieving high yields still relies on expensive noble

metal catalysts. This study aims to improve the catalysts' cost effectiveness through addition of a non-noble

metal to a Pd nanoparticle catalyst, supported on g-Al2O3. Six Pd based catalysts (Pd, PdCu, PdNi, PdFe,

PdCo, and PdMo) were synthesized and prepared through either calcination or thermal reduction, and

their activity and selectivity in lignin depolymerization were evaluated as a function of batch time.

Principal component analysis (PCA) of the entire datapool revealed that, albeit to varying degrees, the

addition of a secondary metal shifts the behavior of a Pd catalyst more towards that of pure solvolysis

and that the preparation strategy has no effect on Pd and PdMo. Regarding activity, it was found that the

addition of Cu, Ni, Fe, Co and Mo significantly enhances the catalyst's activity and that the preparation

strategy is also important, with calcination being preferred for PdCu and PdFe and thermal reduction for

PdNi and PdCo. Using a plethora of analysis techniques to assess the selectivity at increasing depths, it

was revealed that the shift in selectivity, as identified in the PCA results, is caused by variations in

dehydration of aliphatic OH groups and hydrogenation of aliphatic double bonds. Moreover, due to

a size exclusion effect during the reaction, differences in selectivity between the catalysts are most

pronounced at lower molecular weights.
Sustainability spotlight

As the effects of climate change become unmistakable, the imperative for transitioning towards a sustainable chemical industry has grown ever more
pronounced. In this context, lignin depolymerization under mild conditions will provide a sustainable route for the production of functionalized aromatics,
which will serve as essential building blocks for the production of polymers, pharmaceuticals and other high-value chemicals. Within this research, the
economic viability of this process, which is currently still hindered by the need for expensive noble based catalysts, is increased through the incorporation of
a non-noble metal and tuning of the preparation strategy, drastically reducing catalyst costs, while maintaining the catalytic activity and product selectivities.
Consequently, these results contribute to the establishment of responsible consumption and production patterns.
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1. Introduction

Lignocellulosic biomass, comprising cellulose, hemicellulose
and lignin, is recognized as the cheapest and most abundant
inedible biomass. Moreover, it is anticipated to be the most
scalable and economically viable source for bio-fuel and high-
value chemical production. Consequently, the depolymeriza-
tion of lignin has emerged as a subject of growing research
interest.1–10 While macropolymer lignin, i.e., extracted from the
biomass but not yet depolymerized, is already used for the
production of adhesives, emulsiers, plastics and other prod-
ucts,4,7 selectively depolymerizing said lignin to its
RSC Sustainability, 2024, 2, 1551–1567 | 1551
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View Article Online
functionalized aromatic building blocks would provide
sustainable alternatives to fossil based benzene, toluene and
xylene (BTX) derivatives, which are crucial platform molecules
within the polymer and pharmaceutical industries.5–8

A wide range of depolymerization strategies have been
developed, which can be categorized as acid catalyzed, base
catalyzed, oxidative, reductive, thermal or solvolytic depoly-
merization. Each of these strategies has its own benets and
drawbacks and the obtained products can range from native-
like functionalized aromatic compounds to alkanes, alkenes
and aliphatic alcohols and/or mixtures thereof. Moreover, each
main category includes different subcategories, for example
liquid phase reforming, mild hydroprocessing, harsh hydro-
processing and bifunctional hydroprocessing, all of which fall
under the umbrella of reductive depolymerization. Further-
more, for each subcategory, a range of process conditions, such
as catalyst type, temperature, solvent, gas atmosphere, and
pressure, can be varied, affecting product yield and selectivity.11

Hence, it is imperative that the depolymerization strategy
and conditions are tailored towards the intended application of
the resulting product pool to maximize the valorization poten-
tial of lignin. The aforementioned production of sustainable
polymers and pharmaceuticals from lignin-derived compounds
would primarily require functionalized aromatic compounds.5–8

Within this context, mild hydroprocessing, also known as mild
reductive depolymerization, is a promising strategy, as it has
demonstrated high selectivities towards such functionalized
aromatic products.11 Moreover, operating at temperatures
below 320 °C and pressures between 10 and 100 bar, this
approach allows the use of green solvents such as isopropyl
alcohol or ethanol, either pure or in mixtures with water.
Furthermore, reaction temperatures and pressures far below
320 °C and 100 bar have been implemented successfully.12–18

Additionally, this strategy can also be integrated with the
extraction of lignin from the biomass, which is typically per-
formed beforehand within a dedicated pulping process. This
integrated process is oen referred to as reductive catalytic
fractionation (RCF).2,10,11

Despite its promise, both mild reductive depolymerization of
lignin and RCF currently face challenges, including low overall
yields of desired products. Typically, the use of expensive noble
metal based, i.e., platinum (Pt), palladium (Pd) or ruthenium
(Ru), catalysts, is required to achieve sufficient depolymeriza-
tion under mild conditions, with satisfactory selectivities
towards low molecular weight aromatics, rendering the process
economically unviable.11,12 Within the literature, it has been
noted than Pd exhibits signicantly less hydrodeoxygenation
activity than Ru and Pt, making it a preferred choice for the
production of lignin-derived functionalized aromatic
compounds, despite its higher cost.19,20 As a result, Pd based
nanoparticle catalysts, supported on various supporting mate-
rials such as carbon,21,22 alumina23 or zeolites24,25 have been
implemented successfully to depolymerize lignin under mild
reductive conditions.11 Nonetheless, the high cost of Pd inhibits
its application as a catalyst within actual industry. Hence,
a primary research goal in the mild reductive depolymerization
of lignin is to reduce Pd catalyst synthesis costs without
1552 | RSC Sustainability, 2024, 2, 1551–1567
sacricing catalyst activity or selectivity towards the desired
products. One strategy to achieve this is the incorporation of
non-noble metals. This has been proven to create synergetic
effects and, hence, alter the activity of the noble metal.
Furthermore, as non-noble metals typically have a higher oxy-
philicity than Pd, they interact with functional groups in
a different way. As a result, they not only impact the catalyst
activity but also the selectivity.26 It has been noted in the liter-
ature that the addition of non-noble metals to Pd catalysts can,
on the one hand suppress unwanted hydrogenation of
aromatics but, on the other hand, also cause hydro-
deoxygenation reactions, which are also undesirable.12,14–16,27–29

Therefore, careful selection of secondary metals is key to
ensuring a boost in catalyst activity while still producing
desirable products, suitable for the production of both poly-
mers and pharmaceuticals.5–8 The use of nickel (Ni), copper (Cu)
or cobalt (Co) instead of Pd catalysts for the mild reductive
depolymerization of lignin or RCF of biomass has been
successful, albeit at elevated temperatures, i.e., above 240 °
C.12,14–18,29 Moreover, monometallic Ni demonstrates acceptable
yields at lower temperatures, though still signicantly lower
than Pt, Pd or Ru and oen with the additional aid of acid co-
catalysts. Despite this, Ni remains a strong candidate for
a secondary metal to be added to a Pd catalyst.30,31 Concerning
selectivity, addition of Ni or Fe (iron) to Pd catalysts has also
been observed to inhibit the hydrogenation of aromatics.28,29

Additionally, monometallic Co based catalysts have been shown
to facilitate the oxidation of the a-OH group within the b-O-4
linkage, signicantly lowering the bond dissociation energy of
the ether linkage, making Co another compelling secondary
metal.32–34 Finally, molybdenum (Mo) is also selected as
a candidate as monometallic Mo has also been found to catalyze
the reductive depolymerization of lignin, however, at tempera-
tures above 250 °C.35,36 To the best of our knowledge, a study
systematically comparing supported PdX catalysts (X = Cu, Ni,
Fe, Co or Mo) for the mild reductive depolymerization of lignin
has not yet been performed. Therefore, the primary objective of
this study is to address and ll this research gap. Additionally,
the assessment of both calcination and a sequential process
involving calcination, thermal reduction and passivation as
preparation strategies for all catalysts introduces an additional
dimension to the current state of the art in this eld. The nal
objective of this study is to introduce the use of principal
component analysis (PCA) into the eld of lignin
depolymerization.

Currently, there are many contradictory insights to be found
in the literature. For example, several studies suggest that the
synthesis of highly dispersed Pd nanoparticles can achieve high
degrees of depolymerization at low Pd loadings.13 However, in
contrast, other studies seem to demonstrate that bulk Pd sites
exhibit substantially increased depolymerization activity and
attribute this to the facilitation of multidentate adsorption of
lignin molecules.24 Thus, although specic studies have re-
ported some trends between catalyst properties and their
performance in lignin depolymerization, to the best of our
knowledge, the underlying mechanisms still largely remain
unknown. This is, in our opinion, largely due to the chemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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complexity and heterogeneity of lignin, which not only causes
a very complex behavior, but also negates the ability to dene
clear parameters to unambiguously assess and fairly compare
catalyst performances, such as conversion, turnover number
(TON), turnover frequency (TOF) or site time yield (STY).29 The
objective of this study, to investigate the impact of 5 different
secondary metals and the preparation strategy on the perfor-
mance of a Pd catalyst only complicates things further. There-
fore, to mitigate this, a strategy of in-depth product pool
characterization as a function of reaction time, rather than the
characterization of the catalysts themselves, combined with
PCA is proposed. A plethora of analysis techniques and data
analysis protocols are implemented to study catalyst activity
and selectivity in an in-depth manner. The reduction in mass
average molar mass (Mw), derived from the analysis of the lignin
stock solution and product pools with gel permeation chro-
matography with a refractive index detector (GPC-RID), is used
as a parameter for catalyst activity. Selectivity has been assessed
with a plethora of analysis techniques and with an increasing
depth, i.e., starting with the differences in average functional-
ities within the entire product pool through phosphorus
nuclear magnetic resonance spectroscopy (31P-NMR), followed
by differences for targeted (groups of) compounds through
deconvolution of GPC chromatograms and, nally, the molar
concentrations of the main monomeric products through an in-
house two-dimensional GPC-HPLC-UV/VIS analysis tech-
nique.37,38 PCA is employed to identify overarching trends
present within the entire dataset, which are, subsequently,
evaluated in more detail.

In summary, in this work, a novel and systematic method-
ology is employed for the assessment of the catalyst activity and
selectivity in the mild reductive depolymerization of lignin. The
main objective is to identify calcined or reduced and passivated
PdX catalysts that offer lower synthesis costs, without compro-
mising catalyst activity or steering the selectivity towards
unwanted products, i.e., avoiding hydrogenation of aromatic
rings and hydrodeoxygenation of oxygen containing function-
alities. Consequently, this study signicantly expands on the
state of the art as such catalysts are essential in increasing the
economic viability and sustainability of mild reductive depoly-
merization of lignin and RCF of biomass. Furthermore, the
proposed research methodology is anticipated to have
a profound impact on the future conduct of lignin research.

2. Materials and methods
2.1. Catalyst preparation

A series of different gamma alumina (g-Al2O3) supported
nanoparticle catalysts were synthesized using incipient wetness
impregnation of 0.75 mL of precursor solution per 0.95 g of g-
Al2O3 (Sasol Puralox sCCa 150/200). For this study, g-Al2O3 is
selected as the support for the metals, because of its low cost,
high mechanical strength and temperature resistance, ease of
impregnation with metal precursor solutions, and acidic char-
acter. According to the literature, the acid sites on the surface of
g-Al2O3 can act as cocatalysts for the reductive depolymerization
of lignin.24 The precursors used for Pd, Cu, Ni, Fe, Co and Mo
© 2024 The Author(s). Published by the Royal Society of Chemistry
were Pd(NO3)2$2H2O (Sigma-Aldrich, 98%+), Cu(NO3)2$5H2O
(Chem-Lab, 98%+), Ni(NO3)2$6H2O (Sigma-Aldrich, 97%+),
Fe(NO3)3$9H2O (Sigma-Aldrich, 98%+), Co(NO3)2$6H2O (Chem-
Lab, 98%+) and (NH4)6Mo7O24$4H2O (Sigma-Aldrich, 99%+),
respectively, which were dissolved in H2O (Chemlab, HPLC
grade). The catalyst series consists of 6 monometallic catalysts
containing 5 wt% of either Pd, Cu, Ni, Fe, Co or Mo and 5
bimetallic catalysts combining Pd with one of the non-noble
metals with a total metal content of 5 wt% in a molar ratio of
1 : 1. The bimetallic catalysts were all synthesized through
impregnation of a precursor solution containing both metals,
except for PdMo. For the latter, two separate 0.375 mL solutions
containing one of both precursors were impregnated simulta-
neously, due to the limited mutual solubility of Pd(NO3)2$2H2O
and (NH4)6Mo7O24$4H2O. All catalysts were subsequently
heated to 60 °C at a rate of 2 °C min−1, dried at this temperature
for 16 h, further heated to 450 °C at 20 °C min−1 and nally
calcined at this temperature for 4 h. The resulting catalysts are
labeled Pd-calc or (Pd)X-calc with ‘X’ being Cu, Ni, Fe, Co or Mo.
Half of the amount of each calcined catalyst was, subsequently,
thermally reduced and passivated using an Autochem II series
from Micromeritics. During thermal reduction, the catalysts
were purged at 120 °C for 1 h and 200 °C for 5 min under an
argon (Ar) atmosphere, reduced at 500 °C for 1 h with 5% H2 in
Ar at 60 cm3 min−1 and passivated at 50 °C for 1 h with 1%
nitrogen oxide (N2O) in helium (He) at 10 cm3 min−1. These
catalysts are labeled Pd-red or (Pd)X-red. Hence, in total 20
catalysts were prepared, 5 monometallic and 5 bimetallic ones,
both in calcined and reduced states.

2.2. Determining the metal content

All Pd containing catalysts, i.e., all Pd(X)-calc and Pd(X)-red
catalysts, were characterized with inductively coupled plasma-
optical emission spectroscopy (ICP-OES) to determine the Pd,
Cu, Ni, Fe, Co and Mo content. The ICP-OES analyses were
performed with an IRIS Intrepid II XSP instrument. Before
analysis, destruction of the supporting g-Al2O3 is performed by
mixing 0.025 g of catalyst with 2mL of HNO3 (65%), 2 mL of HCl
(37%) and 2 mL of HF (40%) solutions inside of a destruction
tube. The latter is then heated to 250 °C at 8.33 °C min−1 and
held at this temperature for 20 min by means of a microwave.
The resulting mixture, wherein no solid catalyst is present
anymore, is diluted quantitatively and analyzed through
ICP-OES.

2.3. Catalyst performance testing in the mild reductive
depolymerization of lignin

2.3.1. Lignin feedstock preparation. As lignin feedstock,
miscanthus lignin, obtained from a pilot scale mild soda
extraction on Miscanthus × giganteus, published elsewhere, was
used.39 This lignin's native-like structure is characterized by
a high number of b-O-4 linkages (44 per 100 aromatic units),
making it an ideal benchmark for evaluating the performance
of various catalysts in mild reductive depolymerization.39

Additionally, this also makes the results from this study repre-
sentative for RCF, where a combination of extraction and mild
RSC Sustainability, 2024, 2, 1551–1567 | 1553
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reductive depolymerization is primarily employed to preserve
a native-like lignin structure, rich in b-O-4 linkages.2,11 In the
pilot scale extraction, the biomass was fractionated through
a mild soda pulping process and the lignin was recovered from
the resulting black liquor through acidication, enzymatic
treatment, occulation and ltration. The structural charac-
teristics of the lignin were determined through heteronuclear
single quantum coherence spectroscopy (2D-HSQC-NMR) and
phosphorus nuclear magnetic resonance spectroscopy (31P-
NMR) and reported.39 Within this study, the stock solution for
depolymerization was prepared by dissolving 1.5 g of mis-
canthus lignin per 10 mL of a 70 vol%/30 vol% ethanol/water
(100% Abs, Chemlab/HPLC grade, Chemlab) mixture in an
airtight container and stirring it at 250 rpm and 25 °C for at
least 16 h. Aer ltration (Whatman grade 1 qualitative lter),
the ltrate was used as the feedstock for the depolymerization
reactions.

2.3.2. Reactor setup and depolymerization conditions. All
depolymerization experiments were performed in an Eco-cat-7-
25-SS316 reactor, comprising 7 individual cylindrical reactor
vessels of 25 mL and a heating block, supplied by Amar
(Mumbai, India). Each of the reactor vessels is equipped with
a removable Teon liner and a stirring bar and can be supplied
with a unique gas atmosphere and can withstand conditions up
to 100 bar and 200 °C.

A depolymerization reaction is performed by loading
a reactor vessel with 0.05 g of catalyst, 5.25 mL of ethanol (100%
Abs, Chemlab), 2.25 mL of H2O (HPLC grade, Chemlab) and
2.5 mL of the miscanthus lignin stock solution. Aerwards, the
reactor vessel is closed off, ushed with hydrogen gas (H2) for 10
seconds and nally pressurized to 10 bar with H2. The reaction
is started when the reactor vessel is placed inside of the heating
block, which has been preheated to 200 °C. As a result, the
temperature inside of the reactors is 180 °C. All catalysts as well
as the experiments without the catalyst (0Cata) and in the
presence of pristine g-Al2O3 (Al2O3) were studied at reaction
times of 3 h (with the exception of Pd-calc and Pd-red, which
were tested at 2 h), 6 h and 20 h. However, note that, in order to
account for slight deviations in metal contents between the
various catalysts, the catalyst performance was assessed as
a function of batch time (s (mmol Pd s)), which is dened as the
molar amount of Pd added to the reactor (nPd, mmol Pd)
multiplied by the reaction time (Dt, s), and can be calculated
from eqn (1), in which mcatalyst (g) represents the catalyst mass
added to the reactor, wt%Pd is the weight percentage of Pd on
the catalyst support as determined through ICP-OES analysis
and MMPd, the molar mass of Pd (g mol−1).

Batch time ¼ s ¼ mcatalystwt%PdDt

MMPd

1000 (1)

Aer the desired reaction time is reached, the reactor vessel
is removed from the heating block, cooled down to ambient
temperature in water and depressurized. The reactor effluent is
extracted from the reactor using a syringe equipped with a 0.25
mm PTFE lter. Three 2 mL samples of each reactor effluent
1554 | RSC Sustainability, 2024, 2, 1551–1567
were evaporated at 80 °C for >16 h and stored at −4 °C in closed
glass vials for later analysis.

2.4. Product pool analysis

2.4.1. Gel permeation chromatography. Gel permeation
chromatography (GPC) was performed using an Agilent Tech-
nology 1260 Innity II system, equipped with an autosampler,
injecting 10 mL of sample. The mobile phase, set at a owrate of
0.8 mL min−1, consisted of dimethylsulfoxide (DMSO, Biosolve,
99.9%+) with 0.1 vol% of lithium bromide (LiBr, $99%, Sigma-
Aldrich). To increase resolution, an Agilent Polargel-L Guard
column (50 mm × 7.5 mm ID) and two Agilent Polargel-L
columns (300 mm × 7.5 mm ID) were used in series, all main-
tained at 65 °C. The apparatus was also equipped with two
detectors, namely a variable wavelength UV/VIS detector, set to
280 nm at a scan rate of 5 Hz, and a refractive index detector
(RID), set to 35 °C at a scan rate of 2.31 Hz. Molecular weight
distributions, number and mass average molar mass (Mn and
Mw respectively) and polydispersity index (PDI) were calculated
for all samples from the RID chromatograms, which were cali-
brated using PMMA standards. Based on the Mw and PDI of the
stock solution (Mw,stock and PDIstock), the Mw and PDI of the
product pool (Mw,prod and PDIprod) and s (eqn (1)), the Mw

reduction rate (% (mmol Pd s)−1), i.e., reduction inMw per s and
the PDI increase rate (% (mmol Pd s)−1), i.e., the increase in PDI
per s, are calculated (eqn (2) and (3) respectively).

Mw reduction rate ¼ Mw;stock �Mw;prod

Mw;stocks
100% (2)

PDI increase rate ¼ PDIstock � PDIprod

PDIstocks
100% (3)

The GPC-UV/VIS data are deconvoluted using 6 log normal
curves, which were selected to account for natural peak tailing
within GPC. In such a deconvolution, the objective function L
(eqn (4)) was minimized. The rst term in this function repre-
sents the absolute difference between the experimental GPC-
UV/VIS chromatogram (Yi,exp) and the calculated composite of
the deconvoluted curves (Yi,calc) at any given retention time. The
second term represents the difference between the derivatives
of the experimental ðY 0

i;expÞ and calculated ðY 0
i;calcÞ curves and

was added to better match the experimentally observed shape of
the molecular weight distributions. Based on preliminary tests,
the weight factors, w1 and w2, were set at 30 and 1, respectively.
The resulting deconvoluted peak areas are normalized through
division by the total area of the respective GPC-UV/VIS chro-
matogram and can be used to qualitatively assess differences in
product selectivity between catalysts. In particular, the three
discrete peaks between 19.5 min and 23.5 min (z40–400 g
mol−1), which contain most low molecular weight compounds,
i.e., monomers to trimers/tetramers, are of interest to study the
catalyst's effect on the product pool. Previous research has
concluded that group 1 mainly contains monomers with propyl
and propenyl chains as para-substitutions, group 2 contains
monomers with propyl or propenyl chains with oxygen func-
tionalities and group 3 mainly contains dimeric products.37,38
© 2024 The Author(s). Published by the Royal Society of Chemistry
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L ¼ w1

X�
Yi;exp � Yi;calc

�2 þ w2

X�
Y 0

i;exp � Y 0
i;calc

�2
(4)

The 95% condence intervals for the Mw reduction (rate),
PDI increase (rate), total area under the GPC-UV/VIS chro-
matogram and the normalized group areas were determined
from 6 repeated reactions (reaction conditions: 10 bar H2 initial,
180 °C, 10 mL 70/30 EtOH/H2O (vol%), 265 mg of lignin and
50 mg of Pd-calc, 6 h reaction time). Hence, these intervals
comprise experimental errors arising from the catalyst perfor-
mance testing, sample analysis and the deconvolution
procedure.

2.4.2. Two-dimensional liquid chromatography. The two-
dimensional GPC-HPLC-UV/VIS analyses of the low molecular
weight region of all samples were conducted using a recently
developed method.37,38 In brief, 7 fractions, 0.5 min in width at
0.8 mL min−1, were collected between a rst dimension reten-
tion time (1tR) of 20–23.5 min from the GPC-UV/VIS-RID analysis
described above and analyzed offline using a second Agilent
Technology 1260 Innity II system, equipped with a reversed
phase HPLC column, namely, a YMC Triart BIO C4 column kept
at 45 °C and a variable wavelength UV/VIS detector set to 280 nm
at a scan rate of 5 Hz. The ow rate is set to 1.2 mL min−1 and
the mobile phases used are A, i.e., water (HPLC grade, Chemlab)
+ 0.1 vol% triuoracetic acid (TFA, HPLC-MS grade, Chemlab)
and B, i.e., acetonitrile (ACN, HPLC gradient grade, Chemlab) +
0.1 vol% TFA. The gradient starts with 0 vol% B and builds to
2 vol% B at 3 min, then 45 vol% B at 10 min, 60 vol% B at 15 min
and nally drops to 0 vol% B at 17 min.

Several low monomeric compounds were quantied directly
within the GPC-HPLC-UV/VIS heatmaps according to a protocol
published elsewhere.2 The mass yield of each compound is
calculated as the mass formed of the product divided by the
amount of lignin added to the system (265mg). The compounds
that were identied through calibration with standards are
eugenol (EUG, 99+%, Sigma-Aldrich), isoeugenol (I-EUG, 99+%,
Sigma-Aldrich), vanillin (V, 99%, Sigma-Aldrich), 4-hydroxy-3-
methoxycinnamaldehyde (HMCA, 96%, Sigma-Aldrich), 4-
hydroxy-3-methoxyphenylacetone (HMPA, 96%, Sigma-Aldrich),
2-methoxy-4-propylphenol (MPP, 99+%, Sigma-Aldrich), ethyl
hydroferulate (EHF, 90%, Biosynth), dihydroconiferylalcohol
Fig. 1 Chemical structure and corresponding abbreviations for all
quantified monomeric products.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(DHCA, 97%, Ambeed), coniferyl alcohol (CA, Alfa Aesar, 98%),
sinapyl alcohol (SA, Sigma-Aldrich, 80%) and 4-propylsyringol
(4PS, 90%, Chemspace) and are depicted in Fig. 1. Besides
quantication of isolated monomeric products, the center
point, i.e., the 1D and 2D coordinates of the weighted average of
the entire heat map, were also determined utilizing a Python
algorithm.

2.4.3. Phosphorus nuclear magnetic resonance spectros-
copy. Phosphorus nuclear magnetic resonance spectroscopy
(31P-NMR) of the 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) derivatized product pools was per-
formed on a Bruker 500 MHz Avance III spectrometer using the
zgig pulse program with 128 scans and a delay time of 10 s.
Chromium(III) acetylacetonate (Cr(acac)3) (97%, Sigma-Aldrich)
was used as a relaxation agent and en-do-N-hydroxy-5-
norbornene-2,3-dicarboximide (NHND) was used as an
internal standard (97%, Sigma-Aldrich). The derivatization with
TMDP and analysis were based on the literature and the data
processing was performed using TopSpin v4.2.0.23 Phase and
base line correction were performed automatically and the
sharp peak of TMDP and H2O on the right side of the spectra
was manually set to 132.2 ppm. The following integration
ranges were applied: NHND (151.5–152.5 ppm), aliphatic OHs
(145.2–150.0 ppm), condensed aromatic OHs (140.0–144.8 ppm,
with subtraction of the syringyl aromatic OHs between 143.1
and 142.3 ppm), uncondensed aromatic OHs (137.0–140.4 ppm)
and carboxylic acids (133.5–136.0 ppm).

2.4.4. Principal component analysis. In principal compo-
nent analysis (PCA), the data matrix Xm×n, wherein m is the
number of samples and n is the number of features per sample,
is approximated by decomposing it into a matrix with a lower
rank h, with h � n, representing the principal components
(PCs). The PCs are linear combinations of the standardized
values within the n features and capture the greatest variance
amongst the m samples in the rst PC, the second largest
variance in the second PC, and so on. A scree plot, showing the
explained variance ratio and cumulative explained variance
ratio as a function of the number of PCs, is used to determine
the appropriate number of PCs needed for a representative
dimensional reduction, i.e., a cumulated explained variance
ratio of at least 0.8.

2.4.5. Categorization of analysis techniques. The mis-
canthus lignin feedstock and all product pools aer mild
reductive depolymerization were subjected to a plethora of
analysis techniques and data analyses, which can be catego-
rized based on whether they analyze the complete product pool
or targeted compounds/molecular weight ranges and whether
they assess the catalytic activity or selectivity for the mild
reductive depolymerization of lignin, as presented in Fig. 2.
This categorization also demonstrates how much relevant
information can be generated via relatively simple analysis
techniques such as GPC-UV/VIS-RID that are capable of
handling a large number of samples. GPC-RID analysis offers
the primary insight into activity for the complete product pool
through the Mw reduction rate but the PDI increase rate can be
related to activity and selectivity. 31P-NMR of the TMDP deriv-
atized product pools provides primary insights into selectivity
RSC Sustainability, 2024, 2, 1551–1567 | 1555
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Fig. 2 All analysis techniques performed on the lignin feedstock and
depolymerization product pools, divided based on whether they
analyze the entire product pool or targeted compounds and on
whether they assess depolymerization activity or selectivity.
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within the entire product pool. Deconvolution of the GPC-UV/
VIS chromatograms offers insight into selectivity for the entire
product through the total area and insights into selectivity
towards targeted groups of low molecular weight compounds
through relative peak areas. GPC-HPLC-UV/VIS offers insights
into selectivity towards isolated compounds through their
molar concentrations and, through the center point, also
reects global selectivity for the low molecular weight fraction
of the product pools.
3. Results and discussion
3.1. Global trend evaluation through PCA

Twelve Pd containing catalysts, i.e., Pd(X)-calc and Pd(X)-red
catalysts, have been prepared and assessed for their perfor-
mance in themild reductive depolymerization. Additionally, the
depolymerization was also evaluated without a catalyst (0Cata),
which can be considered solvolysis, albeit under a hydrogen
atmosphere. Furthermore, the same reaction was performed
with pristine g-Al2O3 (Al2O3). All resulting product pools were
thoroughly analyzed by means of GPC-RID (Mw and PDI), GPC-
UV/VIS (total area and relative peak areas for groups 1, 2 and 3),
31P-NMR (aliphatic OH content, phenolic OH content, carbox-
ylic acid content, condensed phenolic content and uncon-
densed phenolic content) and GPC-HPLC-UV/VIS (average rst
and second dimension times (1tR and 2tR) and molar concen-
trations for V, DHCA, HMPA, HMCA, EHF, EUG, I-EUG, 4PS,
MPP, CA and SA).

All of the data derived from these techniques were used as
inputs to the PCA. According to the scree plot in Fig. S1(ESI),† 2
principal components already achieve a cumulated explained
variance ratio of 91.31%, which is considered satisfactory to
1556 | RSC Sustainability, 2024, 2, 1551–1567
accurately represent the variance within the total data set. The
resulting principal component loadings are presented in Table
1 and the resulting PCA plot for 0Cata, Al2O3 and all Pd con-
taining catalysts is depicted in Fig. 3.

First, the PCA results in Fig. 3 indicate that there is signi-
cant variance amongst the different experiments. However,
certain pairs seem to show little to no difference. Firstly, 0Cata
and Al2O3 exhibit very similar behavior, implying that the acidic
functionalities within g-Al2O3 are not contributing to the
depolymerization to a substantial degree without the presence
of a noble metal. Secondly, for Pd and PdMo, almost no varia-
tions are observed between the calc and red variants, implying
that the preparation strategy has little to no effect on the cata-
lytic behavior. Noteworthily, for all other combinations, i.e.,
PdCu, PdNi, PdFe and PdCo, albeit to varying degrees, the
preparation strategy does appear to impact the catalytic
behavior. Furthermore, the addition of any of the secondary
metals substantially changes the behavior of a Pd catalyst.

In Fig. 3, the most prominent global trend is observed along
PC1, wherein 0Cata and Al2O3 exhibit the lowest PC1 values,
while Pd-calc/red display the highest values, with all PdX-calc/
red variations in between. Moreover, 0Cata and Al2O3 show
slightly decreasing PC1 values as a function of reaction time,
whereas Pd-calc/red demonstrates a clear increase. According to
the PC1 loadings in Table 1, a higher PC1 value can mainly be
attributed to a higher total area in GPC-UV/VIS spectra, result-
ing from reduced hydrogenation and hydrodeoxygenation37,38

and higher concentrations of specic monomers, i.e., DHCA,
HMPA, MPP, 4PS, SA and EHF. Additionally, lower concentra-
tions of HMCA, CA and V will also lead to higher PC1 values.
Among these, HMCA and CA have been deemed unfavorable in
the literature as their para-substitution with an unsaturated
bond and oxygen functionality might lead to repolymerization
reactions.18 The fact that PC1, which is heavily impacted by
monomer concentrations, shows the clearest trend within the
entire dataset may be attributed to a size exclusion effect, where
only lignin molecules below a certain hydrodynamic volume
can access the active metal sites within the support material,
has been noted in the literature before.40 Lower, Mw values,
higher phenolic OH contents and higher uncondensed phenolic
contents, all implying a higher degree of depolymerization, also
contribute to higher PC1 values. This aligns with the literature,
where Pd catalyzed lignin depolymerizations consistently
outperform solvolysis (0Cata and Al2O3).11,12,20,23,41

The loadings indicate that the global trend along PC1 is
mainly associated with selectivity, in particular towards the
monomer fraction, and to a lower extent the activity. Hence,
higher PC1 values should relate to overall more favorable
product pools. Within this regard, the addition of a secondary
metal and the preparation strategy, albeit to varying degrees,
shis the PC1 values between 0Cata/Al2O3 and Pd-calc/red. In
particularly, the PC1 results position PdCu-calc as an inter-
esting candidate as it is the only PdX variation with an
increasing PC1 value between 6 h and 20 h of reaction time. In
the following sections, an in-depth evaluation of the individual
analyses related to selectivity will be performed aiming at
a chemical understanding of the trend observed along PC1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Principal component loadings for all features included in the principal component analysis

Analysis technique Feature Principal component 1 loading Principal component 2 loading

GPC-RID Mw −0.145 0.294
PDI 0.146 0.250

GPC-UV/VIS deconvolution Total area −0.329 −0.062
Relative peak area of group 1 0.163 −0.082
Relative peak area of group 2 0.079 0.260
Relative peak area of group 3 −0.090 −0.275

31P-NMR Aliphatic OH content 0.086 0.299
Phenolic OH content 0.147 −0.290
Carboxylic acid content 0.156 0.200
Condensed phenolics 0.097 −0.316
Uncondensed phenolics 0.187 −0.228

GPC-HPLC-UV/VIS analysis Average 1tR 0.171 0.217
Average 2tR −0.141 −0.274
V concentration −0.171 −0.077
DHCA concentration 0.333 −0.007
HMPA concentration 0.337 −0.005
HMCA concentration −0.240 0.190
EHF concentration 0.253 −0.168
EUG concentration −0.095 −0.258
I-EUG concentration −0.017 −0.179
4PS concentration 0.245 −0.027
MPP concentration 0.305 0.055
CA concentration −0.160 0.190
SA concentration 0.316 0.028

Fig. 3 Principal component analysis for 0Cata, Al2O3 and all Pd(X)-
calc/red variations as a function of reaction time (indicated as arrows
between points, i.e., 2 or 3 h, 6 h and 20 h of reaction time). The
explained variance ratios for principal components 1 and 2 are 57.85%
and 33.48% respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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On the one hand, the PC2 loadings in Table 1 imply a heavy
correlation between lower PC2 values and high depolymeriza-
tion degrees, i.e., product pools with lowMw and PDI values, low
condensed phenolics, high phenolic OH content and low
concentrations of the unstable monomers HMCA and CA.18

Additionally, the aliphatic OH content is anticipated to decrease
during depolymerization, as the most energetically favorable
cleavage pathways of the b-O-4 linkage, the most abundant
linkage within the miscanthus lignin39 and most native-like
lignins, facilitates the transformation and/or removal of the
aliphatic OH function on the a-position.42 Moreover, even if not
removed through b-O-4 cleavage (i.e., hydrogenolysis occurred),
the OH group on the a-position and the potential OH group on
the g-position can still be transformed or removed in various
modication reactions under the mild reductive environ-
ment.43,44 Previous research has also related higher degrees of
depolymerization to increased average 1tR in the GPC-HPLC-UV/
VIS analysis.37,38 Indeed, PC2 values decrease as a function of
reaction time for all experiments as shown in Fig. 3. On the
other hand, no clear trend can be observed along the PC2 axis
amongst the samples. Moreover, Pd-calc/red display higher PC2
values at 20 h of reaction time than 0Cata/Al2O3 while, based on
the literature, they should achieve substantially higher degrees
of depolymerization.11,12,20 Hence, PC2 appears not to be exclu-
sively correlated with the reaction activity. The latter is
substantiated by the fact that the relative peak areas of groups 2
and 3 and average 2tR, which are primarily related to selectivity,
also have high PC2 loadings.37,38 Additionally, higher condensed
phenolic contents, which are generally unwanted as they imply
a lot or repolymerization, would also lower PC2 values. The lack
RSC Sustainability, 2024, 2, 1551–1567 | 1557
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of a clear trend along PC2, despite the strong correlation with
the degree of depolymerization, implies that the differences
amongst the various experiments are also relatively small.

Therefore, to obtain a more comprehensive understanding
of the origins of the trends observed in PCA, or the lack thereof,
in-depth analyses of the catalyst activities and selectivities are
deemed crucial.

As a benchmark to allow a fair assessment of the catalyst
performances, the next section starts with an investigation of
the effects of potential interfering factors, i.e., outside of the
intrinsic catalyst performances. As organic solvents and pristine
g-Al2O3 have been reported to cause varying degrees of depoly-
merization,11,24 their effects on the depolymerization process are
studied rst. Subsequently, the varying Pd content in the
different catalysts is taken into account in the catalyst activity
evaluation. Then, the effect of the addition of a non-noble metal
as well as the catalyst preparation strategy on the catalyst
activity is mapped. Finally, to gain a chemical understanding of
the PC1 trend, mainly associated with selectivity, especially in
the monomer fraction, the selectivity differences of the catalysts
are thoroughly investigated.
Fig. 4 Reduction inMw (A) and increase in PDI (B) determined through
GPC-RID and total area under the GPC-UV/VIS chromatogram (C),
and relative peak 1 area (E), relative peak 2 area (D) and relative peak 3
area (F) determined through deconvolution of the GPC-UV/VIS
chromatogram (F), all as a function of reaction time for 0Cata and
Al2O3. Reaction conditions: 10 bar H2 initial, 180 °C, 10 mL 70/30
EtOH/H2O (vol%), 265 mg lignin and 50 mg catalyst if used.
3.2. Depolymerization activity and selectivity without a Pd
containing catalyst

For the situation without any catalytic material (0Cata) and with
pristine g-Al2O3 (Al2O3), depolymerization was performed and
evaluated aer 3 h, 6 h and 20 h of reaction. Due to the absence
of Pd in the reactor for these experiments, the results are pre-
sented as a function of reaction time instead of batch time (s).

3.2.1. Depolymerization activity in solvolysis. The reduc-
tion in Mw and increase in PDI, as determined through GPC-
RID, as a function of reaction time for 0Cata and Al2O3, are
presented in Fig. 4A and B, respectively. Additionally, Table S1
(ESI)† provides all numerical values. The results clearly indicate
that depolymerization occurs for both 0Cata and Al2O3, which
was expected as depolymerization within a hydrogen donating
solvent, such as water and ethanol, has been documented
before.11,45–47 In agreement with the PCA results in Section 3.1,
the addition of pristine g-Al2O3 does not enhance the depoly-
merization, as the reduction in Mw and increase in PDI are not
signicantly different at any reaction time, despite the literature
suggesting that the acidic sites in g-Al2O3 can catalyze hydro-
lysis in the presence of water.11 Recent research, however, has
indicated that Pd atoms on the support surface are essential for
acid site-promoted depolymerization.24 When examining Fig. S2
(ESI)† in detail, above 1000 g mol−1, subtle differences in the
molecular weight distributions of 0Cata and Al2O3, can be
noted, particularly aer 20 h of reaction time. However, in light
of Fig. 4A and B, these differences are considered to be
negligible.

3.2.2. Depolymerization selectivity in solvolysis. When
analyzing 12 model compounds, i.e., those in Fig. 1 and
phenol, resembling lignin monomers, with GPC-UV/VIS-RID,
the relative standard deviation in observed group areas is
larger for UV/VIS (54.5%) than for RID (43.3%), as presented in
Table S2 (ESI).† This indicates that the UV/VIS response at
1558 | RSC Sustainability, 2024, 2, 1551–1567
280 nm is more sensitive to structural changes than the RID
response. Both detection techniques show the same three
discrete peaks at higher retention times (19.5–23.5 min), i.e.,
lower molecular weights (40–400 g mol−1). As these peaks
contain more than one compound, they are labeled as groups
1–3.37,38 Through deconvolution, the relative abundance of
these peaks as a function of reaction time can be used to
roughly compare differences in selectivity. Fig. 4 shows the
total area (C) and the relative peak area of groups 1–3 (D–F),
i.e., the peak area of a group divided by the total area of the
chromatogram, as a function of reaction time for 0Cata and
Al2O3. The lack of signicant differences in total area and
relative areas of groups 1–3, indicates that the selectivities are
similar, despite the presence of acidic sites in Al2O3, which is,
again, in agreement with the PCA results in Section 3.1.24 In
conclusion, even without a catalyst (0Cata), the reaction
conditions cause a substantial degree of depolymerization and
the addition of pristine g-Al2O3 (Al2O3) does not have
a signicant impact.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3. Depolymerization activity and selectivity in the presence
of a Pd containing catalyst

3.3.1. Catalyst metal content and justication of batch
time. Table 2 lists the Pd and secondary metal (Cu, Ni, Fe, Co or
Mo) contents for the monometallic Pd and various bimetallic
catalysts, both aer calcination and aer thermal reduction, as
determined through ICP-OES, along with the yield as compared
to the desired content (total metal loading of 5 wt%). First, it is
worth noting that for all bimetallic catalysts, irrespective of
whether they were calcined or reduced, the quantied contents
are lower than the desired ones. Furthermore, the experimental
contents for both Pd and the secondary metals vary among the
different secondary metals and between the calcined and the
reduced versions of the catalyst. Other studies have noted that
the Pd impregnation yield drops as a function of the desired Pd
content (in the range of 0.25–4 wt%)48 and that co-impregnation
of two metals can also cause reduced impregnation yields for
both metals.49 Thus, it is imperative that batch time s (mmol Pd
s) is used, as calculated through eqn (1), to correctly compen-
sate for these differences in Pd and Cu, Ni, Fe, Co or Mo
contents when comparing the catalytic activity and selectivity of
the various catalysts.

3.3.2. Pd catalyst activity for mild reductive depolymeriza-
tion. As concluded in Section 3.1, an in-depth evaluation of the
catalyst activities is required. The Mw reduction, the PDI
increase as a function of batch time (s), and the Mw reduction
rate and the PDI increase rate for the monometallic Pd and
various bimetallic catalysts are presented in Fig. 5A–D, respec-
tively. Additionally, to evaluate the activity of the catalysts
compared to 0Cata and Al2O3, the reduction in Mw and PDI
increase, as a function of reaction time, are shown in Fig. S3A
and B (ESI).† Furthermore, all numerical values are presented in
Table S1 (ESI).†

Fig. 5A shows a continuous reduction in Mw as a function of
s, for all catalysts. Moreover, Fig. S3A† clearly indicates that all
Pd containing catalysts achieve a higher Mw reduction than
0Cata and Al2O3 which is in line with the literature.23,41,50

Notably, Fig. S3† illustrates that the difference in Mw reduction
Table 2 Content of Pd and secondary metal (M2), i.e., Cu, Ni, Fe, Co or
Mo, for the calcined and thermally reduced catalysts along with the
yield compared to the desired content

Catalyst
Pd content (wt%)
(yield (%))

M2 content (wt%)
(yield (%))

Pd-calc 3.18 (64) Not applicable
PdCu-calc 1.96 (63) 1.44 (77)
PdNi-calc 2.38 (74) 1.59 (89)
PdFe-calc 1.84 (56) 1.32 (77)
PdCo-calc 1.86 (58) 1.50 (84)
PdMo-calc 1.91 (73) 2.03 (86)
Pd-red 3.09 (62) Not applicable
PdCu-red 2.17 (69) 1.51 (81)
PdNi-red 1.86 (58) 1.65 (93)
PdFe-red 2.10 (64) 1.48 (86)
PdCo-red 1.64 (51) 1.63 (91)
PdMo-red 1.82 (69) 1.97 (83)

© 2024 The Author(s). Published by the Royal Society of Chemistry
between the Pd containing catalysts and 0Cata/Al2O3 becomes
more pronounced at longer reaction times, which further
substantiates the presence of a size exclusion effect.40 However,
repolymerization at longer reaction times for 0Cata and Al2O3

and the successful inhibition thereof by the Pd containing
catalysts could also explain this observation. Regardless of the
cause, the addition of a Pd containing catalyst signicantly
enhances the Mw reduction over 0Cata and Al2O3 as seen in
Fig. S3.† Moreover, the bimetallic catalysts, with the exception
of PdCu-red, exhibitMw reductions similar to the monometallic
ones as a function of batch time, despite their lower Pd content,
as indicated in Section 3.3.1.

Specically, as the reduction in Mw represents the degree to
which the linkages within the original lignin structure are
cleaved, theMw reduction rate per mmol of Pd, measured at 3 h
(2 h for Pd-calc/red) of reaction time, can serve as an equivalent
to TOF in traditional catalyst screening and an indicator for the
catalyst activity in lignin depolymerization. Fig. 5B supports the
conclusion that the addition of a secondary metal to the Pd
catalyst does not diminish the catalyst activity, as the Mw

reduction rate for all bimetallic catalysts is comparable to that
of Pd-calc/red and, in most cases, even signicantly higher. The
lower Pd content of the PdX catalysts, compared to Pd-calc/red,
could potentially affect the Pd dispersion, which, in turn, might
impact the activity. However, as aforementioned, there is no
clear relationship between the dispersion of Pd and the
perceived activity of the catalyst based on the literature.13,24

Furthermore, the secondary metal could also induce additional
depolymerization through its own catalytic activity. To investi-
gate the latter, monometallic Cu, Ni, Fe, Co and Mo catalysts,
both only calcined (calc) and thermally reduced aer calcina-
tion (red), were evaluated at 6 h of reaction time. The GPC-RID
results (see Fig. S6, S7A and B (ESI)†) reveal signicantly lower
reduction in Mw than Pd-calc/red. Furthermore, both the calc
and red variations of the Cu, Ni, Fe, Co and Mo catalysts show
statistically indistinguishable reduction in Mw and an increase
in PDI, along with molecular weight distributions nearly iden-
tical to those of 0Cata and Al2O3. Hence, it can be concluded
that the secondary metals, on their own, are inactive in the mild
reductive depolymerization of lignin, which agrees with the
literature that base metal catalysts require harsher condi-
tions.11,12 Therefore, the increased activity of the bimetallic
catalysts is likely (partly) due to synergetic relationships
between Pd and Cu, Ni, Fe, Co or Mo. Moreover, these results
also validate the calculation for batch time, i.e., only including
Pd content, used throughout this study.

The Mw reduction rate is the highest for PdCo-red, followed
by PdMo-red, PdCo-calc, PdNi-red, PdFe-calc, PdMo-calc, PdCu-
calc, PdFe-red, PdCu-red, Pd-red, Pd-calc and PdNi-calc.
However, as indicated in Fig. 5B, there is statistical overlap
between several of the Mw reduction rate values. Nonetheless,
PdCo-red clearly demonstrates the highest activity, i.e., the Mw

reduction rate, and, most notably, PdNi-calc shows the lowest,
even signicantly lower than Pd-calc and Pd-red. Additionally,
when comparing all calcined catalysts to their respective
reduced counterparts, only the Pd-calc/red and PdMo-calc/red
pairs show no signicant difference in Mw reduction rates,
RSC Sustainability, 2024, 2, 1551–1567 | 1559
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Fig. 5 Mw reduction (A) and PDI increase (C) as a function of batch time and the resulting Mw reduction rate (B) and PDI increase rate (D) at 3 h
(2 h for Pd-calc/red) for all Pd(X)-calc/red catalysts. Dotted lines/bars are used for calcined catalysts; striped lines/bars indicate reduced catalysts.
Reaction conditions: 10 bar H2 initial, 180 °C, 10 mL 70/30 EtOH/H2O (vol%), 259 mg lignin and 50 mg catalyst.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
0:

19
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
which is in line with the PCA results in Section 3.1. Moreover,
PdCu-calc and PdFe-calc achieve a signicantly higher Mw

reduction rate than their reduced counterparts while an oppo-
site trend is observed for PdNi and PdCo. This implies that the
preferred preparation strategy also depends on the secondary
metal. The fact that PdMo-calc/red shows no signicant differ-
ences in theMw reduction rate is likely due to the necessity for 2
separate precursor solutions during incipient wetness impreg-
nation, where all other Pd(X) catalysts can be impregnated with
one precursor solution.

Fig. 5C suggests substantial differences in the PDI increase
as a function of batch time among the Pd containing catalysts,
yet all display a continuously decreasing trend. Fig. S3B (ESI)†
conrms that except for PdCu-red, the PDI is higher for the Pd
containing catalysts than for 0Cata and Al2O3. Similar to theMw

reduction (Fig. S3A (ESI)†), the differences become more
pronounced at longer reaction times, likely due to the afore-
mentioned size exclusion effect. However, as all PdX catalysts
overlap with Pd-calc/red as shown in Fig. 5D, the differences
1560 | RSC Sustainability, 2024, 2, 1551–1567
amongst the catalysts in terms of PDI increase rate seem to be
rather insignicant at low reaction times. The only exception is
PdCu-red, which exhibits a signicantly lower PDI increase rate
than PdCu-calc.

Finally, Fig. 5A and C indicate that the PDI decreases with an
increase inMw reduction. However, as indicated by Fig. S2A and
B (ESI),† except for PdCu-red, all Pd(X)-calc/red variations
demonstrate a signicantly higher increase in PDI, yet also
a larger reduction in Mw than 0Cata/Al2O3 at all reaction times.
Therefore these results suggest that, in addition to achieving
higher degrees of depolymerization, the Pd(X)-calc/red varia-
tions also exhibit differences in product selectivity compared to
0Cata and Al2O3. This is also evident when comparing the
molecular weight distributions of 0Cata and Al2O3 in Fig. S2
(ESI)† to those of the catalysts in Fig. S4 (ESI).† Moreover, the
molecular weight distributions of the various catalysts at all
batch times, presented in Fig. S4 (ESI),† clearly demonstrate
differences between all 12 catalysts throughout the molecular
weight range. The only exception is monometallic Pd as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average phenolic OH content (A), average aliphatic OH content
(B), total OH content (C) and average carboxylic acid content (D) as
a function of weight average molar mass for the lignin stock solution,
and 0Cata, Al2O3 and all Pd(X)-calc/red catalysts as a function of
reaction time. Reaction conditions: 10 bar H2 initial, 180 °C, 10 mL 70/
30 EtOH/H2O (vol%), 265 mg lignin and 50 mg catalyst if used.
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calcined and reduced variants only show a noticeable difference
at 20 h of reaction time, which is more explicitly displayed in
Fig. S5 (ESI).†

To conclude, the results in Fig. 5A and C indicate that the
lack of a clear activity related trend in the PCA results is most
likely related to the fact that all variations show relatively small
differences in Mw and PDI. However, inclusion of the catalyst
loadings, i.e., batch times, results in more substantial and
signicant differences, allowing for a more in-depth and accu-
rate assessment of the catalyst activities. As a result, PdCu and
PdFe are the most interesting catalysts with regard to activity as
Cu and Fe are cheaper than Ni, Co or Mo, and they perform best
when calcination, which is cheaper than thermal reduction, is
used as the preparation strategy and still provide increased
activity over Pd-calc/red.

3.3.3. Pd catalyst selectivity within the entire product pool.
31P-NMR analysis of the TMDP derivatized product pools is
employed to investigate variations in selectivity throughout the
entire product pool and Mw range, by determining the average
functionalities. These data are combined with the Mw values
from Section 3.3.2 to produce vector plots that illustrate how the
most important average characteristics of the product pool
evolve. In particular, the number of aliphatic and phenolic OH
groups, native to lignin, is vital to the applicability or further
derivatization of lignin in the production of biopolymers and
pharmaceuticals.5–8 The phenolic OH content, aliphatic OH
content, average total OH content and carboxylic acid content,
determined through 31P-NMR, as a function of Mw for all cata-
lyst variations, 0Cata, Al2O3 and the stock solution are pre-
sented in Fig. 6A–D, respectively. These results conrm that the
global trend along PC1, identied in Section 3.1, is observed for
the carboxylic acid content, aliphatic OH content and by
extension the total OH content, i.e., that the OCata/Al2O3 and
Pd-calc/red pairs display the largest overall difference, with all
PdX catalysts in between. This trend is not clearly observed for
the phenolic OH content, which is in agreement with the lower
respective PC1 yet high PC2 loading. Additionally, it should be
noted that the typical error (95% CI), which includes reaction,
sample preparation and measurement, on 31P-NMR data is
about 7.5%. Consequently, while trends can still be observed
and discussed, the differences amongst the different catalysts at
specic reaction times are mostly insignicant when consid-
ering the entire product pool.

Firstly, on the one hand, the phenolic OH content is expected
to increase during depolymerization.51 On the other hand, the
presence of Pd can lead to unwanted hydrogenation of the
aromatic system within the lignin-derived compounds, leading
to a decrease in phenolic OH functions.52,53 Both effects are
conrmed in Fig. 6A as the average phenolic OH content
continuously increases for 0Cata and Al2O3 with reaction time,
yet displays a maximum for the Pd-calc and Pd-red catalysts.
Moreover, as mentioned before, the presence of a secondary
metal can inhibit the hydrogenation of aromatic systems over
Pd catalysts,27,28 leading to a continuously increasing phenolic
OH content. This is observed more prominently for calcined
variations (PdCu-calc, PdNi-calc, PdCo-calc and PdMo-calc)
than for reduced variations (PdNi-red and PdFe-red).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Therefore, these results suggest that the calcined PdX catalysts
may be more effective in inhibiting the undesired hydrogena-
tion of the aromatic systems than the reduced variants.

Secondly, as mentioned in Section 3.1, a continuous
decrease in aliphatic OH-content as a function of reaction time
(decreasing Mw) is noted for all catalysts, 0Cata and Al2O3, in
Fig. 6B.42–44 However, it can be noted that Pd-calc/red maintains,
overall, the highest aliphatic OH content, 0Cata/Al2O3 the
lowest and all Pd(X)-calc/red catalysts fall somewhere in
between. This implies that the stabilization of aliphatic OH
groups requires a Pd containing catalyst and that the addition
of the secondary metals, to varying degrees, increases selectivity
towards dehydration of these groups, when compared to Pd-
calc/red.

Thirdly, the total OH content, i.e. the sum of the average
aliphatic and phenolic OH contents, is an important parameter
for valorization of the product pool in the polymer industry.6–8

On the other hand, lower aliphatic OH content, along with low
heterogeneity andmolecular weight, has been noted to enhance
the antioxidant activity of lignin, which is benecial for the
pharmaceutical industry.5 Hence, depending on the intended
purpose, e.g., low molecular weights with a high or low total OH
content, points within the top le or bottom le corner of
Fig. 6C, respectively, would represent interesting product pools.

Finally, the carboxylic acid content is expected to decrease
during depolymerization as the reductive environment leads to
modication of this functionality and the esterication of this
RSC Sustainability, 2024, 2, 1551–1567 | 1561
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group with ethanol is also possible. This is, indeed, observed in
Fig. 6D for all catalyst variations, 0Cata and Al2O3.

3.3.4. Pd catalyst selectivity within targeted groups of
compounds. Deconvolution of the GPC-UV/VIS chromatograms
is used to assess differences within targeted Mw ranges as the
PCA results, as discussed in Section 3.1, imply that selectivity
differences are most pronounced at lower molecular weight,
particularly monomers. Therefore, the three discrete peaks
between 19.5 and 23.5 min (z40–400 g mol−1), present in both
RID (see Fig. S2 and S4 (ESI)†) and UV/VIS chromatograms (see
Fig. 7A), labeled groups 1–3, are deconvoluted and further
assessed. As mentioned in Section 3.1, the total area is indica-
tive of the amount of hydrogenation and hydrodeoxygenation
and should be as high as possible.38 Previous research has
indicated that group 1 mainly contains monomers with propyl/
propenyl chains as para-substitutions and group 2 contains
Fig. 7 Example deconvolution of the GPC-UV/VIS chromatogram
with indication of the chromatogram, deconvoluted groups and the
composite curve after deconvolution (A), total area under the GPC-
UV/VIS chromatogram (B) and relative areas for groups 1–3 (C–E), as
determined through deconvolution of GPC-UV/VIS, as a function of
batch time for all Pd(X)-calc/red variations. Reaction conditions: 10 bar
H2 initial, 180 °C, 10 mL 70/30 EtOH/H2O (vol%), 265 mg lignin and
50 mg catalyst.

1562 | RSC Sustainability, 2024, 2, 1551–1567
monomers with propyl/propenyl chains with OH or (C]O)H
functionalities as para-substitutions.37,38 The resulting total area
and relative peak areas for groups 1, 2 and 3, i.e., total peak area
of the respective groups divided by the total area underneath
the chromatogram, are presented in Fig. 7B–E as a function of
batch time and Fig. S8B–E (ESI)† as a function of reaction time,
respectively.

The main trend along PC1 in Section 3.1 is only clearly
observed for the total area in Fig. S8B,† in agreement with the
respective PC1 loading. More specically, the total area is
signicantly the largest for the indistinguishable 0Cata/Al2O3

pair and the smallest for the Pd-calc/red pair, with all PdX-calc/
red samples in between. Despite literature reports indicating Pd
to be a performant hydrogenation catalyst, even under these
mild conditions,52,53 the 31P-NMR results, see Section 3.3.3,
suggest that the Pd-calc/red catalysts do not exhibit signicantly
lower phenolic OH contents compared to PdX-calc/red catalysts,
and even signicantly higher than 0Cata and Al2O3. Therefore,
the lower total area of the PdX-calc/red and, particularly, the Pd-
calc/red catalysts, is unlikely caused by hydrogenation of
aromatic centres. However, this might be related to the hydro-
genation of conjugated aliphatic double bonds and/or hydro-
deoxygenation of the native functionalities. Moreover, the
suppression of Pd hydrogenation activity through addition of
a secondary metal, caused by the ensemble effect, can explain
the increased total areas for the PdX catalysts compared to Pd
itself.27–29 Additionally, while not always signicant, the PdX-red
catalysts display larger total areas than their PdX-calc counter-
part, which again substantiates the importance of the prepa-
ration strategy.

Fig. S8 (ESI)† demonstrates that the relative peak areas of
groups 1 and 2, the groups with the lowest molecular weight
range, decrease aer a maximum at 3 h of reaction time for
0Cata and Al2O3. In contrast, all Pd(X)-calc/red catalysts display
higher relative peak areas for group 1 at all reaction times and at
20 h of reaction time for group 2. This clearly indicates that the
Pd and PdX catalysts also strongly steer the selectivity within the
product pool. When considering the relative peak area of group
1, as shown in Fig. 7C, some catalysts, i.e., Pd-calc, Pd-red,
PdCu-red, PdNi-calc, PdCo-red and PdMo-red, exhibit a contin-
uous increase, while others reach a maximum. This suggests
that some or all of the constituents of this group are compounds
that can convert further during the reaction and are stabilized
to varying degrees by Pd-containing catalysts. This is supported
by 0Cata and Al2O3 exhibiting signicantly lower relative peak
areas for group 1 at all reaction times. However, as aforemen-
tioned, previous research has indicated that group 1 primarily
contains monomers with propyl/propenyl as para-substitu-
tion.38 Due to conjugation, the UV/VIS response of a monomer
with a propenyl substitution, e.g., isoeugenol, is drastically
higher than that of a monomer with a propyl substitution.
Hence, a larger relative area for group 1 can most likely be
attributed to prominent hydrodeoxygenation, leading to pro-
penyl and propyl chains, and a lack of hydrogenation of
conjugated aliphatic double bonds. All bimetallic catalysts,
besides PdCu-red and PdNi-red, appear, in general, to display
more hydrodeoxygenation and/or less hydrogenation than Pd-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The center points, as determined through GPC-HPLC-UV/VIS
analysis, for 0Cata, Al2O3 and all Pd(X)-calc/red catalysts as a function
of reaction time. Reaction conditions: 10 bar H2 initial, 180 °C, 10 mL
70/30 EtOH/H2O (vol%), 265 mg lignin and 50 mg catalyst if used.
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calc/red. This agrees with the 31P-NMR results in Section 3.3.3
as all PdX-calc/red catalysts displayed lower aliphatic OH
contents compared to Pd-calc/red.

While Pd-calc and Pd-red exhibit a continuously increasing
relative peak area for group 2 as shown in Fig. 7D and S8D,†
0Cata, Al2O3 and all PdX-calc/red catalysts reach a maximum at
3 h (6 h for PdFe-calc) of reaction time. However, unlike 0Cata
and Al2O3, the PdX-calc/red catalysts retain a relative peak area
for group 2 signicantly larger than 0, albeit to varying degrees,
at 20 h of reaction time. In conclusion, the loss in relative area
for group 2 for the PdX-catalysts, combined higher relative areas
for group 1, compared to Pd-calc/red, implies that the PdX
catalysts display more hydrodeoxygenation and/or less hydro-
genation than Pd-calc/red. The latter is important as, depending
on the intended goal, the presence of aliphatic double bonds
and/or oxygen containing functionalities is crucial for valori-
zation of bio-aromatic compounds.5–8,54,55 The fact that the
relative peak areas of both groups 1 and 2 display a continuous
decrease for 0Cata and Al2O3 implies that the monomers are not
stabilized and (in part) repolymerize.

Finally, it is worth noting that, although the differences
amongst catalysts, and with 0Cata and Al2O3, are smaller, the
relative peak area for group 3, see Fig. 7E, is signicantly larger
for the PdX-red catalysts than their PdX-calc counterparts. In
particular, PdCo-red shows signicantly larger relative peak
areas for group 3 at all batch times than all other variations.
Furthermore, the constituents of group 3, which are mainly
small fragments yet larger than monomers,38 are likely not
intermediates but rather end products as the relative peak area
of this group continuously increases as a function of batch time
(or reaction time) for all variations.

3.3.5. Pd catalyst depolymerization selectivity towards
individual compounds. Through GPC-HPLC-UV/VIS analysis of
the low molecular weight region, i.e., 1tR = [20; 23.5] min, the
center points for this region, i.e., weighted average 1tR and 2tR,
and the mass yields of several interesting monomeric
compounds were determined for all Pd(X)-calc/red catalysts,
0Cata and Al2O3.38 The vector plots presenting the resulting
center points as a function of reaction time are depicted in
Fig. 8. First, in accordance to their respective PC loadings, the
PC1 trend from Section 3.1 is not observed for either of the
average tR. Higher 1tR values are related to lower average
molecular weights and, hence, a larger degree of depolymer-
ization. Additionally, as GPC-UV/VIS deconvolution derived
group 1 compounds, see Section 3.3.4, have higher 2tR than
group 2 compounds in GPC-HPLC-UV/VIS, the center points
also reect the relative abundance of groups 1 and 2.38 Indeed,
the results in Fig. 8 are in accordance with those of GPC-UV/VIS
deconvolution, see Section 3.3.4, as Pd-calc/red demonstrates
a high selectivity towards group 2 at all reaction times, i.e., lower
average 2tR. For the PdX catalysts, due to the increased hydro-
deoxygenation, group 2 compounds are converted into group 1
compounds, resulting in a higher average 2tR. For 0Cata and
Al2O3, there is also a substantial decrease in average 1tR as
a function of reaction time, which further substantiates that
repolymerization happens in the absence of a Pd containing
catalyst, see Section 3.3.2. In contrast, for all Pd(X)-calc/red
© 2024 The Author(s). Published by the Royal Society of Chemistry
catalysts, albeit to varying degrees, this reduction in average
1tR is far less pronounced.

The mass yields of V, DHCA, HMPA, HMCA, EHF, EUG, I-
EUG, 4PS, MPP, CA and SA as well as the total monomer mass
yield as a function of batch time for all Pd containing catalysts
are presented in Fig. 9. Fig. S12 (ESI)† further details the mass
yields as a function of reaction time, allowing comparison with
0Cata and Al2O3. The selectivity differences between the
different variations are more substantial for the monomer
yields than for the 31P-NMR of the entire product pools and
GPC-UV/VIS deconvolution results in Sections 3.3.3 and 3.3.4,
substantiating the presence of a size exclusion effect.40

The global PC1 trend from Section 3.1, i.e., the 0Cata/Al2O3

and Pd-calc/red pairs showing the most different results with all
PdX catalysts in between, is clearly observed for the mass yields
of DHCA (B), HMPA (C), HMCA (D), EHF (E), MPP (I), CA (J) and
SA (K) and the total mass yield (L) in Fig. 9 and S12.† Moreover,
Pd-calc/red achieves the highest overall mass yields for DHCA,
HMPA, EHF, MPP, and SA, all of which have a strongly positive
PC1 loading, and the lowest overall mass yields for HMCA and
CA, both of which have a strongly negative PC1 loading. As
mentioned in Section 3.1, HMCA and CA, for which 0Cata and
Al2O3 show the highest concentrations, have been associated
with repolymerization.18 In contrast, SA, which also possesses
RSC Sustainability, 2024, 2, 1551–1567 | 1563
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Fig. 9 Mass yields of V (A), DHCA (B), HMPA (C), HMCA (D), EHF (E), EUG (F), I-EUG (G), 4PS (H), MPP (I), CA (J), and SA (K) and the total monomer
mass yield (L) as a function of batch time for all Pd(X)-calc/red variations. Reaction conditions: 10 bar H2 initial, 180 °C, 10 mL 70/30 EtOH/H2O
(vol%), 265 mg lignin and 50 mg catalyst.
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an aliphatic OH group and a double bond in the para-substi-
tution, not only shows a continuously increasing concentration
for Pd-calc/red but is also present in signicantly higher
concentrations for Pd-calc/red, compared to PdX-calc/red cata-
lysts. This difference between CA and SA is likely due to the
inuence of the additional methoxy group in SA compared to
CA, which has been noted to drastically alter the adsorption
energy of the compound on Pd containing catalysts.56 CA, if
present, is likely converted to compounds such as DHCA, EUG
and/or MPP by the Pd containing catalysts through modica-
tion reactions, evading potential repolymerization. However,
the same is most likely not happening for 0Cata and Al2O3 as
DHCA is absent and EUG and MPP are only present in relatively
low concentrations. Furthermore, Pd-calc/red also achieves the
highest total monomer yields with 0Cata/Al2O3 exhibiting the
lowest. Hence, high PC1 values within the PCA results are
heavily related to more stabilization of monomers and/or the
absence of monomers that might induce repolymerization.

Inhibiting repolymerization as a result of different catalyst
selectivities also inuences the activity for the mild reductive
depolymerization. The latter is in line with the literature and
substantiated by the fact that the chemical structure of most
1564 | RSC Sustainability, 2024, 2, 1551–1567
quantied monomeric compounds can be related to a specic
cleavage pathway of b-O-4 linkages. More specically, dehydra-
tion of the OH group on the a-carbon is followed by either
hydrogenolysis or hydrolysis of the ether linkage and subse-
quent modications of the para-substituted alkyl and alkenyl
chains, as demonstrated in Fig. S13 (ESI).†42

However, the presence of dehydration, hydrogenation of
aliphatic double bonds and other modication reactions causes
the monomers to be chemically related to each other, as seen in
Fig. S14 (ESI).† Therefore, the relative abundance of the
monomers cannot be unanimously related to differences in b-O-
4 cleavage pathways. Nonetheless, these results can be utilized
to study the variations in selectivity for hydrogenation and
hydrodeoxygenation reactions in depth. Additionally, it is
important to note that an iso-conversion point cannot be
dened for lignin when comparing different catalysts due to the
absence of a clearly denable conversion.

The monomer yields reect that Pd-calc/red prefer hydro-
genation of aliphatic double bonds over hydrodeoxygenation
while PdX-calc/red, albeit to varying degrees, prefers hydro-
deoxygenation over hydrogenation of aliphatic double bonds.
As a result, compounds such as HMPA and, especially, DHCA,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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both having oxygen functionalities and no aliphatic double
bonds in the para-substitution, are the most prominent
monomers for the Pd containing catalysts yet nearly absent for
0Cata and Al2O3 with all PdX catalysts somewhere in between
these two extremes. The vanillin yields appear to contradict the
notion that the PdX-calc/red catalysts exhibit higher hydro-
deoxygenation activities than the Pd-calc/red catalysts as, in
general, besides PdNi-calc, the former demonstrate signi-
cantly higher V yields. However, this can be explained by the fact
that the rst step in hydrodeoxygenation of (C]O)H groups,
such as the one in the para-substitution of V, is hydrogenation
of the (C]O)H group to an CH2OH group.44,57 The latter should
be, according to this study, facilitated more by the Pd-calc/red
catalysts. Moreover, the increased activity of the Pd-calc/red
catalysts in hydrogenation of both aliphatic double bonds and
(C]O)H groups is likely also the reason why HMCA is absent
from the Pd-calc/red product pool at 6 h and 20 h of reaction
time. As an additional result of the increased hydrogenation
activity of Pd-calc/red, they demonstrate higher MPP and 4PS
yields, compounds with no aliphatic double bonds in the para-
substitution, yet lower EUG and, especially, I-EUG yields, with
propenol substitutions, than most PdX catalysts, besides EUG
for PdCu-calc and, especially, PdNi-calc.

Furthermore, PdCu-calc displays an atypical behavior.
Namely, while PdCu-calc demonstrates lower hydrogenation of
aliphatic double bonds and higher HDO activity at 3 h and 6 h of
reaction time than Pd-calc/red, akin to the other PdX-calc/red
catalysts, increased hydrogenation activity and decreased
hydrodeoxygenation activity between 6 h and 20 h of reaction
time can be observed. More specically, the 4PS and MPP
concentrations increase, while the EUG and I-EUG concentra-
tions decrease drastically between 6 h and 20 h of reaction time
for PdCu-calc. This shi in behavior between 6 h and 20 h of
reaction time by PdCu-calc was also identied using a shi
towards higher PC1 values in the PCA results, see Section 3.1.

EHF is an interesting compound as the carboxylic acid group
on the g-carbon has been esteried with ethanol. Notably
however, Fig. 8E and S12E (ESI)† indicate that all Pd containing
catalysts, albeit to varying degrees, show a continuously
increasing EHF concentration while EHF is not present in the
product pool for 0Cata/Al2O3. This implies that either the
esterication of dihydroferulic acid or the hydrogenation of
ferulic acid to dihydroferulic acid, prior to or aer esterication
with ethanol, can only occur in the presence of a Pd containing
catalyst. However, as Fig. S12H and I† clearly indicate that MPP
and 4PS are present for 0Cata/Al2O3, the former hypothesis is
likely more accurate.

In conclusion, while some monomer yields strongly reect
the global PC1 trend within the PCA results in Section 3.1,
others do not, in agreement with the PC1 loadings. In-depth
analysis of the results strongly suggests that Pd containing
catalysts are required to stabilize monomers and, hence, avoid
repolymerization. Additionally, all PdX-calc/red catalysts, albeit
to varying degrees, demonstrate increased hydrogenation
activities and decreased hydrodeoxygenation activities
compared to Pd-calc/red. PdCu-calc is, again, selected as the
most interesting candidate as its catalytic behavior shis more
© 2024 The Author(s). Published by the Royal Society of Chemistry
towards that of Pd-calc/red between 6 h and 20 h of reaction
time, which was also identied in the PCA results in Section 3.1.
As a result, PdCu-calc, along with PdCo-calc, achieves the
highest total monomer yield outside of Pd-calc/red.

4. Conclusions

The effects of the incorporation of a secondary metal, i.e., Cu,
Ni, Fe, Co or Mo, and the catalyst preparation strategy, i.e.,
calcination or thermal reduction, on the performance, i.e.,
activity and selectivity, of Pd nanoparticle catalysts, supported
on g-Al2O3, in the mild reductive depolymerization of lignin
were evaluated using a novel and systematic approach. To this
end, 2 supported monometallic Pd catalysts and 10 supported
bimetallic PdX catalysts were tested at three different reaction
times and compared to experiments without the presence of
a catalyst and with the presence of pristine g-Al2O3. To address
the complexity of lignin depolymerization and its inherent
incompatibility with conventional evaluation parameters such
as conversion, turnover frequency (TOF), or turnover number
(TON), innovative and comprehensive strategies for assessing
both activity and selectivity were developed and implemented.

Principal component analysis of the entire dataset had
a cumulative explained variance ratio of 91.31% with 2 PC. A
clear global trend was identied along PC1 with Pd-calc/red
achieving the highest PC1 values and 0Cata/Al2O3 achieving
the lowest PC1 values, with all PdX catalysts in between. Anal-
ysis of the PC1 loadings implied that the values are heavily
driven by differences in monomer yields and that, in general,
more favorable product pools should achieve higher PC1 values.
The PCA results identied that the addition of pristine g-Al2O3

has little to no effect and that the preparation strategy also
doesn't impact the behavior of Pd and PdMo. PdCu-calc
demonstrates a substantial shi towards higher PC1 values
between 6 h and 20 h of reaction time, denoting it as the most
interesting bimetallic combination. Although the PC2 loadings
are heavily, yet not exclusively, driven by parameters related to
the degree of depolymerization, no clear trend in line with the
literature could be observed in the PCA results, implying that
activity differences are relatively small and require more in-
depth analysis. The latter was conrmed as the differences in
Mw reduction amongst the Pd and PdX catalysts are mostly not
signicant if the differences in Pd loading are not taken into
account. However, evaluation of the Mw reduction rate, a novel
parameter representing the percentual reduction in Mw per
batch time, revealed signicant differences amongst the Pd(X)-
calc/red catalysts. It was concluded that addition of Cu, Ni, Fe,
Co and Mo, which are inactive catalysts on their own, to the Pd
based catalyst signicantly increased the Pd activity. Addition-
ally, the preparation strategy has a signicant effect on the
activity of the PdCu, PdNi, PdFe and PdCo catalysts but not the
Pd and PdMo catalysts. Moreover, while calcination is the
preferred preparation strategy for PdCu and PdFe, thermal
reduction is preferred for PdNi and PdCo.

In-depth analysis of the differences in selectivity was per-
formed at an increasing depth, oen agreed with the global PC1
trend while also elucidating the chemical reason behind this
RSC Sustainability, 2024, 2, 1551–1567 | 1565
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trend. Additionally, the selectivity related data strongly indicate
the presence of a size exclusion effect. More specically, the 31P-
NMR, GPC-UV/VIS deconvolution and GPC-HPLC-UV/VIS
quantication of the monomers, with increasingly substantial
differences, consistently indicate reduced hydrogenation activ-
ities and increased hydrodeoxygenation activities, especially
dehydration of aliphatic OH groups, at varying degrees, for the
PdX catalysts compared to Pd-calc/red. Furthermore, these
results also substantiate the PCA derived conclusion that the
reaction selectivity of PdCu-calc shis towards Pd-calc/red
between 6 h and 20 h of reaction time. Additionally, the
results regarding selectivity, especially the monomer quanti-
cations, substantiate that without the presence of a Pd con-
taining catalyst, i.e., for 0Cata and Al2O3, repolymerization
occurs (partly) due to a lack of stabilization of the monomers.

Hence, this study demonstrates that the performance, i.e.,
activity and selectivity, of Pd based catalysts in the mild
reductive depolymerization of lignin can be altered through
addition of a secondary non-noble metal and variation of the
preparation strategy. Moreover, novel methods for the assess-
ment of differences in activity or selectivity were successfully
implemented for a large number of samples to select interesting
catalysts. Hence, this study improves on the state of the art,
offering a more rened method for catalyst screening while
simultaneously demonstrating the potential of PdX catalysts to
reduce catalyst synthesis costs and improve activity without
steering selectivity towards undesired products. Specically, the
systematic evaluation of activity and selectivity identied PdCu-
calc as the most interesting catalyst for further research as,
when compared to Pd-calc/red, it achieves a strong reduction in
synthesis cost, signicantly improved activity and a comparable
and favorable selectivity towards functionalized bio-aromatics.
Consequently, future efforts should prioritize elucidating rela-
tionships between the catalyst's properties and its performance,
with a goal to further rene and optimize them.
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