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ABSTRACT: The complexity of lignin is a major challenge to

overcome in order to develop a complete biorefinery concept for on
the biobased community. Therefore, the lignin model compound 2- P
phenoxy-1-phenylethanol was used to design lignin depolymeriza- - R
tion. We proposed a two-step mechanism involving predehydroge- ° Y Y
nation at the C,-position, removal of the OH group, and
subsequent cleavage of the $-O-4 bond at the Cgyposition into
phenol and ethylbenzene. The study was supported by density
functional theory and kinetic modeling to evaluate the activation
barriers for the cleavage of the $-O-4 bond in the dimeric lignin
compound. The activation energies for predehydrogenation and
cleavage at the Cg-position of phenethoxybenzene were predicted to
be 71 kJ mol™" and 9 kJ mol ™", respectively, suggesting that the predehydrogenation is beneficial for the cleavage of the f-O-4 bond
as it lowers the activation energy. Additionally, the removal of the OH group at the C,-position increased the reaction rate constant
for the 5-O-4 bond cleavage to 0.68 min~". By comparing lignin depolymerization and the cleavage of the #-O-4 bond in the dimeric
lignin compound, the study provided mechanistic insights and suggested process- and structure-dependent correlations. Similarities
were found in the process mechanism of aliphatic OH group removal and cleavage at the C4-position, while the temperature increase
contributed more to the enhanced cleavage of the $-O-4 bond in the lignin model compound compared to the lignin macromolecule.
On the other hand, the reaction conditions affected the structural characteristics of the products after lignin depolymerization,
especially the molecular weight and functionality of the oligomeric fragments. We have found that using a lignin model component is
beneficial for fundamental research, but correlating the results with the real lignin sample is essential to improve the potential of
lignin in the biorefinery concept.
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1. INTRODUCTION lower complexity, simpler structure, well-characterized, and
well-defined lignin moieties and bond types. The f-ether bond
(B-0O-4) is the most common and easy-to-cleave bond type in
lignin and therefore a preferred target for cleavage during
lignin depolymerization.'"'” Lignin model compounds facili-
tate the understanding of the extent of S-ether bond scission
and eventually condensation under different conditions.'”"*"*
On the other hand, research should not be limited only to
simpler lignin model compounds, since drawing a parallel with
real lignin samples is crucial for addressing questions of
knowledge transfer of mechanisms and insights so that newly
developed approaches can be applied to biorefinery bioplants
in the future.'> Another aspect that needs to be considered

Lignin is an aromatic component of lignocellulosic biomass,
which has become increasingly important due to its potential
as a renewable resource for the production of biofuels,
chemicals, and materials. The diverse and complicated nature
of lignin poses a major challenge in its valorization and requires
a comprehensive understanding of its behavior under different
processing conditions.' > The heterogeneity of lignin in terms
of chemical structure, dispersity, and molecular weight leads to
a variety of multicomponent and multiphase products upon
depolymerization, which limits kinetic modeling and the
number of compounds in the estimation of kinetic
parameters.” Kinetic modeling, a powerful tool in the field of
chemical engineering and biotechnology, provides a systematic
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is”, the lignin model compounds have been introduced into
microkinetic studies.*”'" This approach benefits from the
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when using lignin model compounds is the variability in the
abundance of f-ether bonds within lignin. This variability is
significantly influenced by the fractionation methods and the
type of biomass feedstock used.'®™"® As a result, the complete
process transition from model compounds to lignin is almost
impossible to achieve without any process adjustments.
Despite these challenges, research into the valorization of
lignin model compounds offers valuable insights into the
broader context of lignin utilization.”'> By identifying
correlations between process parameters and the unique
structural characteristics of lignin model compounds, research-
ers gain a more comprehensive understanding of lignin
valorization, facilitating the application of this knowledge to
the complex and variable environment of real lignin samples.
Although process shift is challenging, the study of lignin model
compounds serves as a valuable bridge that provides essential
insights into lignin valorization strategies that can be optimized
based on process- and structure-dependent correlations.”'

Lignin model compounds have provided useful insights into
the behavior of lignin under different reaction conditions and
have contributed to the development of catalysts and strategies
for lignin depolymerization. For instance, the conversion and
product distribution of lignin model compounds were
particularly influenced by the nature of ether linkages,"”
suggesting a complicated mechanism of lignin depolymeriza-
tion with nonselective yields of lignin monomers. Jiang et al.”’
synthesized a highly active Ni-based catalyst for the conversion
of a-O-4 lignin model compound at near room temperature
(30 °C) and mild hydrogen pressure (3 MPa) and further
proved the catalyst activity for lignin depolymerization with a
monomer yield of 26.6 wt %. Li et al.”' performed selective
hydrodeoxygenation of lignin without changing the reaction
pressure with Ni-based carbon-supported composites, whose
activity and efficiency were tested on lignin model compounds.
Zhang et al.”” proposed effective hydrogenolysis of lignin
model compounds and real lignin at low temperature (100 °C)
and low pressure (0.1 MPa) through synergistic effects of
NiRu catalyst due to the increased surface atom content,
enhanced hydrogen and reactant activation, and inhibited ring
hydrogenation. On the other hand, condensation mechanisms
between aromatic units mimicking lignin repolymerization
were also evaluated using lignin model compounds.'”"
Although several integrated studies lack the explicit process-
and structure-dependent correlation, the clear importance and
contribution of lignin model compounds have improved the
understanding of lignin depolymerization.

Non-noble metal catalysts are often used for hydrogenation
due to their moderate activity and low cost.”? Among Cu, Fe,
and Ni, Ni exhibited the highest catalytic activity and
selectivity when lignin model compounds were used for
hydrogenation and hydrodeoxygenation.”> The key catalyst
property should be the ability to properly align the adsorbed f-
ether compounds to preferentially weaken the carbon—oxygen
bonds while avoiding strong binding of the benzene ring to
retain aromaticity, which is a challenge in lignin depolymeriza-
tion that requires a tailored or non-noble catalyst.”* Therefore,
a commercially available Ni/C catalyst was selected for the
evaluation of f-ether bond cleavage and lignin depolymeriza-
tion. Sivec et al.”® calculated that Ni surface has a mild affinity
to bind hydrocarbons at the atomistic level, suggesting that a
Ni-based catalyst is beneficial for retaining aromaticity.

This article explores the intricate interplay between lignin
structure and kinetic modeling and highlights the mechanistic
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insights underlying the efficient use of lignin in emerging
biobased industries. Through a detailed investigation of
reaction kinetics, this study aims to contribute to the
development of predictive models that will improve the design
and optimization of lignin upgrading processes and ultimately
drive the use of this abundant biomass resource.

In our study, 2-phenoxy-1-phenylethanol, a typical lignin
model compound with a #-O-4 linkage, was used to mimic the
most abundant bond in lignin. The simpler structure of the j-
0-4 model compound allowed mechanistic and kinetic aspects
of the f-O-4 bond to be investigated with a focus on the
intrinsic reactivity of the specific bond. Different operating
conditions were applied to investigate the cleavage of the $-O-
4 bond by commercially available Ni/C catalyst, while density
functional theory (DFT) calculations and kinetic modeling
were used to evaluate the bond dissociation energies, as well as
the reaction rate kinetics and activation energies required for
the defunctionalization and scission of the specific B-ether
bond. In addition, the optimal reaction conditions for lignin
depolymerization selected from the lignin model compound
study were identified using the same experimental setup. The
final part of the research aimed to establish process- and
structure-dependent correlations relating the operating con-
ditions and the structural similarities between lignin and the
lignin model compound. Furthermore, the kinetic parameters
determined for the lignin model compound were to be
correlated and predicted for the kinetics of lignin depolyme-
rization. The turnover frequencies for the cleavage of $-O-4
bonds were compared. The results of this study will therefore
contribute to the development of more efficient strategies for
the valorization of lignin.

2. MATERIALS AND METHODS

2.1. Chemicals. The chemicals, solvents, external calibra-
tion standards, and gases were used as purchased and were of
reagent grade without further purification. Suppliers, purity of
chemicals, and CAS numbers are listed in the Supporting
Information.

2.2. Hydrogenation of f-Ether Bond. The experiments
were performed in a 75 mL multiple reactor system (Series
5000 Multiple Reactor System, Parr Instrument Company,
Moline, IL, USA), equipped with a magnetic stirrer. The
details and experiments performed are listed in the Supporting
Information (Table S1).

2-Phenoxy-1-phenylethanol (2P1PE, 1.75 g) was dissolved
in pure ethanol (EtOH) in a ratio of 1:20 (w/v). Experiments
were carried out in a temperature range of 175 to 225 °C and
hydrogen pressure range of 0.5 to 1.5 MPa for 4 h, loading S wt
% Ni/C catalyst to achieve 1 wt % nickel on 2P1PE. Liquid
samples were taken at 30 min intervals after the reaction
mixture had reached the set temperature. The first sample was
taken before being heated at room temperature.

2.3. GC—MS Analysis. Samples were analyzed by gas
chromatography coupled with mass spectroscopy (GC—MS;
Shimadzu, Kyoto, Japan), equipped with an additional flame
ionization detector (FID) and a Zebron ZB-5 (Phenomenex,
Torrance, CA, USA) capillary column. The concentration of
the lignin model component and the identified products were
evaluated based on the 7-point calibration using the external
standards purchased from Sigma-Aldrich.

2.4. Lignin Depolymerization. The experimental proce-
dure for the depolymerization of ethanol organosolv lignin
isolated from beech wood was applied in close accordance with

https://doi.org/10.1021/acscatal.4c06058
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the procedure for the lignin model component 2PI1PE.
Experiments were performed in the temperature range of
175—225 °C and the initially set hydrogen pressure of 1.0 MPa
for a period of 4 h. At the end of the reaction time, the reaction
mixture was filtered and washed with absolute ethanol to
obtain a final volume of 52.5 mL. The filtrate without the mass
of the catalyst represents a solid residue (SR). The filtered
liquid was used to precipitate the oligomeric fragments (OligF)
by adding distilled water in a 3-fold excess. The OligF was
collected upon centrifugation, washed repeatedly with distilled
water, and freeze-dried. SR and OligF yields were calculated on
the basis of the lignin mass.

2.5. Lignin Characterization. Organosolv lignin was
analyzed prior depolymerization by size-exclusion chromatog-
raphy (SEC), 2D heteronuclear single quantum coherence
(HSQC) NMR spectra, and quantitative >'P NMR spectra. In
addition, oligomeric samples were also analyzed for compar-
ison.

Prior to SEC analysis, the lignin sample was acetylated with
pyridine/acetic anhydride following the protocol reported
elsewhere.”® SEC was performed using a size-exclusion
chromatographic system (Ultimate 3000, Thermo Fisher
Scientific, Massachusetts, USA), equipped with a UV detector
at 280 nm, and chromatographic data were processed using
PSS WinGPC Unity software. Calibration was performed with
polystyrene standards with molecular weights ranging from
672 Da to 127 kDa.

2D-HSQC spectra were recorded using a Bruker AVANCE
NEO 600 MHz NMR spectrometer with BBFO probe
according to the procedure described by Tran et al.”’
Measurements were conducted in DMSO-d,, which also
served as an internal reference point for the chemical shift
(84 2.35 ppm; 8¢ 39.5 ppm). Analyses of 2D-HSQC spectra
were performed with MestreNova software and following the
reported procedure.”***

Quantitative *'P NMR analyses were performed according
to the protocol reported by Meng et al.”’ Samples were
dissolved in a CDCly/pyridine mixture (1:1.6), and N-
hydroxy-S-norbornene-2,3-dicarboxylic acid imide (NHND)
was added as an internal standard. 2-Chloro-4,4,5,5-tetrameth-
yl-1,2,3-dioxaphospholane (TMDP) was added to the
homogeneous lignin and OligF solution to derivatize the
sample. Spectra were recorded with a Bruker AVANCE NEO
600 MHz NMR spectrometer.

3. QUANTUM CALCULATIONS

DFT calculations were carried out using the Gaussian 16 C.02
program suite. A hybrid functional wB97XD, which includes
dispersion, was used’’ with the basis set aug-cc-pVTZ.>' To
assess the bond dissociation energy (BDE), the energy of the
complete molecule in the relaxed geometry was computed
(E15)- Second, the two fragments ensuing from the cleavage of
a bond in question were separately relaxed, and their energies
were computed (E,, E,), taking the spin state of the radicals
into account. BDE is obtained by eq 1

BDE=E,, — E, — E, (1)

4. KINETIC MODELING

Hydrogenation of -O-4 lignin model compounds over a Ni/C
catalyst under hydrogen atmosphere was carried out in a three-
phase system. The kinetic model utilizes the mechanism of the
lignin model compound and takes into account the molar
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balances of the individual components, which are influenced by
the mass transfer between the gas phase, the solvent (liquid)
phase, and the catalyst surface. In addition, the model takes
into account the rates of adsorption, desorption, and reactions
occurring at the active sites of the catalyst. The proposed
reaction mechanism (Figure 1) was developed based on the
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Figure 1. Proposed reaction and cleavage mechanism of f-ether bond
over Ni/C catalyst.

intermediates and products identified by analyzing the liquid
samples and the theoretical mechanistic principle of possible
cleavages within the -O-4 bond. However, only the individual
steps of the identified products were incorporated into the
kinetic model to determine the kinetic rates of f-O-4 bond
cleavage of 2-phenoxy-1-phenylethanol. A detailed description
of the kinetic model development is available in our previous
works.'”**** The key equations for the molar balances of the
compounds (n) and the mass transfer rates are summarized
below.

The reaction rates at the surface (r,), the mass transfer from
the liquid phase to the catalyst surface (r1*), and from the gas
phase to the liquid phase (r$") were described by eqs 2—4,
respectively. The indices s, ], and g refer to the solid, liquid,
and gaseous phases. The surface reaction rates (r,) were
determined as the product of the surface coverages of reacting
components (c}) and reaction constants (k,), liquid—solid
mass transfer coefficient (k) and solid—liquid interface (A,),
and gas—liquid transfer coefficient (k) and gas—liquid
interface (A,), while p, is the partial pressure of a component
(n). Further correlations, equations, nomenclature, and units

are presented in our previously published works.”***~**
r,=k,Xc, ()
=k X Al = ) 3)
GL 1
r, =kf><Ag><(pn/He—cn) (4)

The modeled values for the identified intermediates and
products were determined by solving a set of ordinary
differential equations describing the molar balances of the
relevant components in each phase. The molar balances were
considered for the reactant, the intermediates, and the
products in the liquid phase (eq S) and at the catalyst surface
(eq 6). Different process conditions (eg., initial reactant
concentration, operating temperature and pressure, catalyst
mass, reaction time, and stirring speed), catalyst properties

https://doi.org/10.1021/acscatal.4c06058
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(e.g., specific surface area and concentration of active sites),
and reactor geometry were considered during kinetic model
development.

dCn(l) _ .GL SL
- rn - rn
dt (%)
dC
n(s)
£ 20 ©)

Our previous studies’’” showed that there are no

limitations on internal and external mass transfer for catalyst
particles with a size of 50 ym at a stirring speed of 100—1000
rpm. Furthermore, it was assumed that at a heating rate below
7.5 °C min~), the effects of heat transfer would lead to a
negligible temperature gradient within the investigated
environment. Consequently, a low heating rate of 5 °C
min~! was used to optimize heat transfer and prevent the
development of significant temperature gradients. In this study,
the combination of intensive mixing and a low heating rate
ensured the absence of mass and heat transfer limitations.
The kinetic model was solved using the implicit Runge—
Kutta formula to solve the differential equations with Matlab
version R2022a software. Nelder—Mead method was used for
the regression analysis and optimization of the fitting
parameters, k, and Ea,, while Levenberg—Marquardt method
was then used for the final determination and optimization of
95% confidence intervals based on the Jacobian matrix
calculation. The least-squares minimization equation is
presented as eq 7 and sums the squared differences between
the experimentally (C;}*) and modeled (Cj; mod)  determined
concentrations for all experiments (EXP), the components
(COMP) and the collected samples (SAM), where j is the
same experimental condition and i is the time of the sample.'’

EXP SAM COMP

fl, Ba) =30 D0 30 (CF ~

j=1 i=1 C=1

mod

(7)

5. RESULTS AND DISCUSSION

The lignin model component 2-phenoxy-1-phenylethanol
(2P1PE) contains the -0-4 bond, which is the most abundant
bond between monolignol units and mimics the most easily
cleavable bond in the native lignin structure. To understand
the kinetics of its cleavage, DFT calculations and kinetic
modeling were performed to determine the bond dissociation
energies and kinetic rate parameters, respectively. Furthermore,
the conclusions of the cleavage mechanism were upgraded and
correlated with the lignin depolymerization study.

5.1. Bond Dissociation Energy. BDEs were calculated for
the homolytic bond cleavage since the reaction takes place in a
nonpolar environment, and the involved bonds are largely
nonpolar. Furthermore, the BDEs for homolytic bond cleavage
are less dependent on the solvent or gaseous phase. For simple
bond cleavage, it is more likely that the bond with the lowest
BDE will be cleaved first. In more complex scenarios, especially
when product rearrangements of radical stabilization are
possible or interactions with the catalyst change upon cleavage,
the trends might differ.

We investigated the BDE of 2-phenoxy-1-phenylethanol
(2P1PE, 1) and phenethoxybenzene (PEB, 2) and assessed the
BDEs of possible different cleavage positions within the
binding of dimeric model compounds. The calculated BDEs
ranged from 297.9 to 432.2 k] mol™’, as shown in Table 1. For
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both compounds, the most likely cleavage point appears to be
C4—O(Ph).

Table 1. Relevant Bond Dissociation Energies, as Calculated
at the wB97XD/aug-cc-pVTZ Level, in 2-Phenoxy-1-
phenylethanol and Phenethoxybenzene

BDE
lignin model compound Bond (kJ mol™)
2-Phenoxy-1-phenylethanol R-OH 369.0
(2P1PE, 1)
2-Phenoxy-1-phenylethanol PhCH(OH)—CH,OPh 318.5
(2P1PE, 1)
2-Phenoxy-1-phenylethanol PhCH(OH)CH,—OPh 302.5
(2P1PE, 1)
2-Phenoxy-1-phenylethanol PhCH(OH)CH,0O-Ph 430.5
(2P1PE, 1)
Phenethoxybenzene (PEB, 2) PhCH,—CH,OPh 331.8
Phenethoxybenzene (PEB, 2) PhCH,CH,—OPh 297.9
Phenethoxybenzene (PEB, 2) PhCH,CH,0-Ph 4322

5.2. Reaction Mechanism and Hydrogenation Results
of 2-Phenoxy-1-phenylethanol. The proposed hydrogen-
mediated cleavage pathways of 2-phenoxy-1-phenylethanol are
shown in Figure 1. The following scenarios are possible. 2P1PE
can be dehydrogenated to PEB (Route 1), and cleavage then
occurs at the etheric C4—O or C,,—O site, yielding aromatic
monomers (Route 2 or 4, respectively). Alternatively, in
2P1PE, the alkyl aryl ether bond can be cleaved at the C;—O
or C,,—O sites (Routes 3 and S, respectively).

Lu et al.** proposed and explained that, 2P1PE is difficult to
cleave on Pd catalysts without predehydrogenation (to PEB).
Thus, the cleavage reactions in which the C,—C;bond and the
Cs—O bond are cleaved were excluded as possible initial
reactions for 2P1PE degradation. On Pd, they calculated the
reaction energy (not BDE!) of C,—OH bond cleavage as 50 kJ
mol™" (converted from the published value of 0.49 €V), while
it was 222 kJ mol™" (converted from the published value of
2.30 €V) and 150 kJ mol™' (converted from the published
value of 1.55 eV) for C,—Cj; and C4—O bonds, respectively.””
Note that these are not BDEs but reaction energies on Pd,
which are massively impacted by the stabilization of individual
species on the Pd catalyst and are not transferable to gas-phase
reactions or other catalysts. On the other hand, Parthasarathi
et al.* calculated catalyst- 1ndependent BDEs for Cs—0O and
C,—C; bonds of 270 k] mol™" and 315 kJ mol™', respectively,
Wlth the values representing averaged BDEs for different lignin
model compounds of #-O-4 bonds.

In our study, the DFT calculations of BDE for the C4—O,
C,—C; and C,—OH bonds in the dimeric model compound
are 302.5 kJ mol_ 315.5 kJ mol™!, and 369.0 kJ mol™},
respectively. Based on our experimental results, the dommant
reaction mechanism was the dehydroxylation and subsequent
hydrogenation of 2PIPE to PEB, as Ni is a known
hydrogenation catal;lst that readily cleaves OH groups from
organic backbones.’

The resulting PEB was cleaved by hydrogenolysis to phenol
(PHE) and ethylbenzene (EBZ) (Route 2) or through a less
dominant pathway to benzene (9) and 2-phenylethanol (7)
(Route 4). The experimental data showed that Route 2 is more
dominant. This was also confirmed by DFT calculations,
showing that the BDE of the C;—O bond (297.9 kJ mol™) is
substantially lower than that of the C,,—O bond (432.2 kJ
mol™). On the other hand, GC—MS analysis showed that the

https://doi.org/10.1021/acscatal.4c06058
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Figure 2. Hydrogenation results of 2P1PE and product distribution of $-O-4 bond cleavage over Ni/C catalyst at different temperatures and

pressures (points: experimental values; line: modeled values).

products expected from cleavage by the mechanisms proposed
by Route 3 and Route 5 were not detected.

The conversion and product distribution of the catalytic
cleavage of the f8-O-4 bond of 2P1PE and PEB are listed in
Figure 2. It was found that the reaction temperature had a
significant effect on the cleavage of the -O-4 bond in the
lignin model compound, whereas higher hydrogen pressure
exhibited a less pronounced effect. At a temperature of 175 °C,
only a slight predehydrogenation of 2P1PE was observed, the
conversion of 2P1PE only reached up to 20%, which is why the
yield of monomeric products was only 7.4%. Increasing the
temperature to 200 °C and 225 °C sufficiently increased the
efficiency of the hydrogenation process. The hydrogenation
treatment of 2P1PE at 200 °C resulted in a higher
predehydrogenation rate to PEB, while the yield of phenol
and ethylbenzene more than doubled to 16.1%. Further
increasing the temperature by another 25 °C and analyzing the
product distribution revealed that almost 75% of the 2P1PE
was prehydrogenated to PEB, which in turn was involved in
the cleavage of the -O-4 bond, leading to 37.4 mmol L™" of
ethylbenzene and 37.8 mmol L™ of phenol with a yield of
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32.1% of total monomers.”® On the other hand, at higher
hydrogen pressure, the intensity of predehydrogenation
increased, as less time was needed to obtain the same amount
of predehydrogenated dimeric compound (PEB). The product
distribution was significantly influenced by the reaction
conditions. The Ni/C catalyst showed limited activity in the
cleavage of $-O-4 bonds within 2-phenoxy-1-phenylethanol
and phenethoxybenzene. However, it proved to be effective in
maintaining the aromaticity of the resulting monomers and
prevented complete ring hydrogenation. To maintain aroma-
ticity, high temperatures, low hydrogen pressure, or an inert
atmosphere were found to be essential.”**

Furthermore, the noncatalytic (reference) test was per-
formed at a temperature of 225 °C and a pressure of 1.0 MPa
(hydrogen), and it was found that only a minor conversion of
2P1PE of 15% and the removal of the OH group were
observed, while no monomers were formed (Figure S1A),
suggesting that the use of a Ni/C catalyst was required for the
cleavage of the B-O-4 bonds within the dimeric lignin
compound.

https://doi.org/10.1021/acscatal.4c06058
ACS Catal. 2025, 15, 1182-1194
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On the other hand, the effect of ethanol as a hydrogen donor
solvent was evaluated by the catalytic test at a temperature of
225 °C and a pressure of 1.0 MPa under inert (nitrogen)
atmosphere (Figure S1B). Predehydrogenation and conversion
of 2P1PE was approximately 24%, while minor cleavage of the
p-O-4 bond in PEB also occurred, yielding monomeric
products of EBZ and PHE of about 4.6% each. Compared
with the results obtained after catalytic hydrogenation of
2P1PE, the external hydrogen source increased the monomer
yield by 3.5-fold. Therefore, efficient cleavage of the f-O-4
bond generally requires the presence of an active catalyst and
the supply of external hydrogen.

5.3. Kinetic Modeling Results. The reaction rate
constants and activation energies (Table 2) for 5-O-4 bond

Table 2. Reaction Rate Constants and Activation Energies
for the Cleavage of Lignin Model Compounds

reaction rate constant min™! activation energy kJ mol™!
ky 0.35 + 0.04 Ea; 71 £ 13
k, 0.68 + 0.0S Ea, 9+9

cleavage in 2P1PE were determined by regression analysis
using a mathematical kinetic model, while the values of the
reactant, intermediates, and products predicted by the model
are shown as lines in Figure 2 and compared with the
experimental data points. The reaction rate constant for the
predehydrogenation of 2P1PE to PEB (k) was determined to
be 035 min~!, while further C4;—O bond cleavage (k,)
occurred at an almost 2-fold higher reaction rate of 0.68 min™".
In Table 2, the activation energy of the predehydrogenation
step of 2P1PE to PEB was determined to be 71 kJ mol™", while
we report the activation energy of the cleavage of PEB to PHE
and EBZ to be 9 kJ mol ™, indicating that predehydrogenation
is a highly important step to decrease the activation energy and
increase the reaction rate of #-O-4 bond cleavage in PEB. In
particular, the determined Ea, value of 9 + 9 kJ mol™" showed
that this parameter has no effect on the concentration profiles
or objective function error when it is lower than 18 k] mol™". A
low activation energy means that the ether bond cleavage is not
significantly affected by temperature (in the investigated

temperature range), and the rate depends mainly on the
availability of the PEB intermediate concentration. On the
other hand, a similar but less drastic trend was suggested by
DFT calculations when the BDE for C4—O bond cleavage
decreased from 302.5 k] mol™" for 2P1PE to 297.9 k] mol™* for
PEB.** Furthermore, the kinetic modeling and product
distributions of 2P1PE showed that the cleavage of the f-O-
4 bond was not affected by variations in hydrogen pressure
within the 0.5 and 1.5 MPa range. This indicated that
hydrogen availability in the liquid phase and on the catalyst
surface was always sufficient for the cleavage of the S-O-4
bond; hence, its global rate was not affected by mass transfer
limitations but governed by intrinsic reaction kinetics instead.

The Ni/C catalyst is particularly effective in reducing the
bond dissociation energy to cleave the f-O-4 bond, while
predehydrogenation and removal of the OH group from the
organic moiety are crucial steps to facilitate the cleavage at the
Cs—O position in PEB.

On the other hand, 2P1PE lacks variations and complexity of
lignin structural features, especially the functionality of
functional groups y-carbinol, methoxy, and/or hydroxyl
group. The bond dissociation energies and the kinetic
parameters might be altered due to the additional functionality
of the lignin model compounds. Steric hindrances such as y-
carbinol, methoxy, and hydroxyl groups influenced the reaction
rates, cleavage mechanisms, and reactivity of the f-O-4
bond.***~*" Sturgeon et al.** considered that the y-carbinol
group did not affect the reaction rate of -O-4 bond cleavage,
while it demonstrated that the additional functionality of
methoxy and hydroxyl groups led to a 2 orders of magnitude
faster reaction rate of #-O-4 bond cleavage. Catalytic cleavage
of f-0-4 bonds in more complex model compounds could also
lead to defunctionalization and removal of methyl, methoxy, or
phenolic groups as gaseous products altering the performance
and reaction kinetics.' "'

Therefore, the additional functionality of lignin model
compounds changes the environment of the bonds and
functional groups and thus the reactivity of the system.

5.4. Lignin Depolymerization Results. The cleavage of
the f-O-4 bond forms intermediates with different reactivity
and stability, which is particularly evident during lignin
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Figure 3. Simplified lignin depolymerization mechanism and cleavage within lignin macromolecule (formation of SR, OligF, and monomers).
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depolymerization. The initial depolymerization mechanism
involves the formation of radicals at the C,-position within the
P-0-4 lignin units. The cleavage of the $-O-4 bond, as well as
the removal of OH,, OH,, phenolic OH groups, and other
functional groups in lignin, requires the presence of a transition
or noble metal catalyst, a hydrogen atmosphere, or/and a
hydrogen donating solvent, e.g.,, ethanol, methanol, or iso-
propanol.

The study of f-O-4 bond cleavage in the hydrogenation of
the lignin model compound was extended and linked to lignin
depolymerization (LD). The results with the dimeric lignin
compound showed that only the variation of the temperatures
positively influenced the product distribution. Therefore,
similar temperatures with a moderate hydrogen pressure
were applied for lignin depolymerization. The streamlined
mechanism of lignin depolymerization proceeds through the
cleavage of the -O-4 bonds, followed by hydrogenation and
stabilization of the reactive radicals formed. The successful
cleavage of the p-ether bond and the stabilization of these
radicals formed results in smaller oligomeric fragments and
phenolic monomers. These phenolic monomers are formed by
the cleavage of #-O-4 bonds at either lignin inter- or end-units.
Li et al.”’ demonstrated that the catalytic cleavage of
oligomeric lignin-like model components had similar kinetic
parameters for -O-4 bond cleavage at both inter- or end-units.
Furthermore, effective cleavage usually occurs through quinone
methide or aldehyde intermediates, although the same
intermediates may also be involved in coupling reactions.
These coupling reactions lead to the formation of C—C bonds
and the formation of solid carbon residues, suggesting that the
final product distribution depends on the equilibrium between
the stabilization of reactive radicals by hydrogenation and the
formation of carbon bonds leading to solid residue.”” The
mechanism of coupling within reactive intermediates resulting
in recalcitrant products was investigated by Huang et al.'* and
Roénik Kozmelj et al,,'” who proposed the formation through
the available Cs-position in the neighboring compound, the
hydroxyl group, or unsaturated side-chain carbons. Figure 3
shows possible lignin-like structural products and the
mechanism of lignin depolymerization described above.

After lignin depolymerization, the products were divided
into solid residue (SR), oligomeric fragments (OligF), and
monomers based on similar structural characteristics (Figure
4).

60
[ Solid residue Il 4-Propylsyringol
[ oligk [___]4-Propylguaiacol
50
.40
e
230
o
Q
>—

N
o

-
o

LD_175°C

LD_200 °C LD_225°C

Figure 4. Product distribution of lignin depolymerization at different
temperatures and initial set hydrogen pressure of 1.0 MPa.
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In catalytic lignin depolymerization, the formation of SR was
found to be strongly temperature-dependent, as increasing the
temperature from 175 °C to 200 °C drastically reduced the
yield of SR from 45.2 wt % to 25.5 wt %. A further increase in
temperature by 25 °C led to an additional suppression of SR
formation, as the yield of 21.9 wt % was achieved. It is likely
that if supercritical conditions are not achieved for ethanol, the
hydrogen affinity and H-donor ability of ethanol are less
pronounced and less effective in stabilizing reactive radicals at
lower temperatures. Therefore, achieving supercritical con-
ditions for ethanol may play a more significant role in
preventing coupling reactions,*’ thereby reducing the for-
mation of recalcitrant products.

OligF with a lignin-like aromatic structure is the main
product formed during lignin depolymerization, whereby the
structural characteristics changed significantly compared to the
initial lignin (Table 3). Even at the low temperature of 175 °C,

Table 3. Lignin and Oligomeric Fragments: Weight-Average
Molecular Weight (M,,), Number-Averaged Molecular
Weight (M,), and Dispersity (D)

Mw (Da) Mn (Da) b
lignin 3700 1300 2.8
OligF_175 2050 1300 1.6
OligF_200 2100 1200 1.8
OligF_225 1850 1050 1.8

the amount of precipitated OligF was 34.6 wt %. The yield of
OligF increased to 48.3 wt % when temperatures of 200 °C
and 225 °C were applied. It was found that higher
temperatures favored the formation of OligF over SR and
are apparently required for the stabilization of the reactive
radicals and switching the equilibrium to the formation of
OligF instead of SR.

Table 3 and Table 4 show the structural features of lignin
and OligF at different temperatures analyzed by SEC, *'P, and
2D-HSQC NMR methods, respectively. The molecular weight
distribution (MWD) and NMR spectra are shown in Figure S
and Figures S3—S10, respectively. By plotting the profiles of
MWD of lignin and oligomeric fragments (OligF_temperature
in °C) shown in Figure S, the differences between lignin and
depolymerized samples became visible. It was found that the
weight-average molecular weight (M,,) of lignin was reduced
from 3700 Da to 2050 Da, 2100 Da, and 1850 Da after
depolymerization at 175 °C, 200 °C, and 225 °C, respectively
(Table 3). Depolymerization of lignin resulted in OligF with a
lower M,, also lowered number-average molecular weight
(M,) and dispersity (D). The Mn of lignin was reduced from
1300 Da to 1050 Da of OligF_225, while a lower
depolymerization temperature had a minor effect on the M,.
Furthermore, a significant decrease in lignin dispersity from 2.8
to 1.8 was observed, indicating that OligF has a more uniform
polymeric structure than lignin.**

Analysis of the hydroxyl functional groups by *'P NMR
(Table 4) underlined the predehydrogenation of lignin, which
was evident in the removal of OH groups at the C,-position, as
the content of aliphatic OH groups decreased from 2.42 mmol
g' to 1.97 mmol g™!, 1.69 mmol ¢!, and 1.39 mmol g~
following depolymerization at 175 °C, 200 °C, and 225 °C,
respectively. On the other hand, the content of phenolic OH
groups increased with depolymerization temperature. For the
syringyl OH groups, there was a change from 1.04 mmol g in

https://doi.org/10.1021/acscatal.4c06058
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Table 4. 2D-HSQC and *'P NMR Results of Lignin and OligF after Lignin Depolymerization

p-0-4 p-0-4' p-s p—p ED“ Aliph” ¢ Cond? G° Phen” total

per 100 C9 units (%) OH groups (mmol g™*)
lignin 13.5 12.9 33 8.9 49 242 1.04 0.65 0.80 2.50 4.96
OligF_175 10.9 13.7 32 52 56 1.97 1.20 0.81 0.85 2.86 4.88
OligF_200 5.2 8.6 2.1 4.9 60 1.69 1.28 0.89 0.98 3.18 4.93
OligF_225 4.0 9.3 1.9 5.6 70 1.39 1.41 0.96 1.04 3.41 4.83

“Ethoxylation degree. b Aliphatic OH groups.

“Syringyl OH groups. 9Condensed OH groups. “Guaiacyl OH groups. /Phenolic OH groups.
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Figure 5. Comparison of molecular weight distributions of lignin and
oligomeric fragments after depolymerization at 175 °C, 200 °C, and
225 °C.

lignin to 1.20—1.41 mmol g~' for OligF after LD, while a less
remarkable increase from 0.80 mmol g~ in lignin to 0.85—1.04
mmol g~ for OligF was observed for the guaiacyl OH groups.
The most significant increase was observed for the condensed
OH groups from 0.65 mmol g™ in lignin to 0.96 mmol g~* for
OligF after depolymerization at 225 °C.>® OligF showed a
higher content of condensed and Cj-substituted OH groups,
suggesting structural rearrangements. The cleavage of the j-
ether bond leads primarily to monomers, whereas dimers or
larger oligomers contribute to an increased presence of C;-
substituents in the form of 3-S5 substructures, 5—5'
substructures, and 4-O-5' substructures through direct C—C
coupling of aromatic rings.45’46 Moreover, Giummarella et al.*’
used advanced NMR characterization of lignin and lignin-like
model oligomers to confirm these coupling mechanisms and
substructural rearrangements. The changes in hydroxyl group
content in OligF strongly indicate that the lignin underwent
significant structural changes and intramolecular rearrange-
ments during depolymerization, which is consistent with the
observations from previous studies.””*® The structural
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Figure 6. 2D-HSQC spectrum of lignin and oligomeric fragments obtained after lignin depolymerization at 225 °C (OligF_225).
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characteristics of OligF suggest a more condensed structure
with a higher content of phenolic OH groups formed by the
hydrogenolysis of -O-4 bonds. Remarkably, the increasing
abundance of syringyl OH groups excided that of the guaiacyl
OH groups.

The semiquantitative 2D-HSQC method revealed that the
p-0-4 and a-ethoxylated f’-O-4 bonds remained present in the
OligF samples (Figure 6), indicating that temperatures up to
225 °C are not sufficient for catalytic lignin depolymerization
and complete cleavage of the f-ether bonds (Table 4). The
ethoxylation degree, defined as the ratio between the $-O-4
and a-ethoxylated f’-O-4 bonds, increased at reaction
temperatures of 175 °C, 200 °C, and 225 °C. This indicates
that the #-O-4 bonds are more favorably cleaved compared to
a-ethoxylated f'-O-4 bonds, likely because these bonds are
more sterically hindered by a-ethoxylated aliphatic hydroxyl
groups in the C,-position,”® which affects the BDE of the
bonds and the accessibility of the catalyst to the bonds.”” On
the other hand, an enriched amount of a-ethoxylated f'-O-4
bonds was observed in OligF after depolymerization at 175 °C
(13.7 per 100 C9 units) than in the starting lignin (12.9 per
100 C9 units), suggesting that the hydroxyl groups in the C,-
position are ethoxylated rather than removed, favoring
alkoxylation reactions similarly as observed in the isolation of
ethanol-organosolv lignin.zs’so Therefore, when lignin was
depolymerized at 175 °C, a minor part of $-O-4 bonds was
cleaved.

Although no significant depolymerization occurred at 175
°C, the M,, of lignin in OligF decreased from 3700 Da to 2050
Da, and the dispersity was reduced from 2.8 to 1.6. However,
the M, remained unchanged, supporting the theory that no
significant depolymerization occurred at this temperature. Smit
et al.*® reported a similar observation in the partial lignin
depolymerization of acetone organosolv lignin at 150 °C and
ruled out an overestimation of M, by SEC analysis due to
lignin aggregation. The reduction in M,, could instead be due
to the removal of impurities such as sugars from cellulose or
hemicellulose, which are bound to the lignin structure through
weak a-ether bonds and are easily cleavable at temperatures
close to or above those of the pulping process.’”' Other
contributing factors include a low extent of cleavage of f-O-4
bonds,>” limited recondensation within the structure of OligF
due to a-etherified moieties at the C,-position, "’ and limited
solubilization of lignin in ethanol.”® However, the 2D-HSQC
results showed that lignin was depolymerized to smaller
oligomeric fragments, as even C—C bonds such as f-5 and
p—P were slightly less abundant than in the initial lignin.

The liquid samples were analyzed by GC—MS, which
revealed the two main monomeric products corresponding to
the characteristic monolignol: guaiacyl (G-unit) and syringyl
(S-unit) units. The yields of 4-propylguaiacol and 4-
propylsyringol increased with an increase in temperature,
with 4-propylsyringol being the dominant product. The total
monomer yield was between 2.1, 6.6, and 8.0 wt % at
depolymerization temperatures of 175 °C, 200 °C, and 225 °C,
respectively. These monomer yields correspond to the
composition of hardwood lignin, which contains predom-
inantly G- and S-units. The higher yield of 4-propylsyringol,
which was about 30% higher than that of 4-propylguaiacol,
indicates that syringyl-like units are linked with more easily
cleavable p-ether bonds compared to guaiacyl-like units.
However, the correlation between the S/G ratio in lignin,
the connectivity of the monolignols through p-ether bonds,
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and the monomer yield after depolymerization was later found
to be questionable.”*

Rinaldi et al.>” reported that the theoretical yield of lignin-
derived monoaromatics from organosolv lignin is between 4
and 35%, depending on the abundance of the cleavable bonds
(e.g., f-O-4 bonds) and the number of monomeric units within
the lignin macromolecule. For the organosolv lignin used in
this study, the calculated theoretical monomer yield*>*° is
approximately 50%, depending on the proportion of the
cleavable -O-4 and a-ethoxylated f'-O-4 bonds (0.68) and
the assumed number of monomeric units — n-value (e.g., the n-
number for the calculation was 6—8). Detailed equations and
calculations can be found in the Supporting Information. The
low depolymerization temperature used in this study was not
sufficient to achieve maximum theoretical yield, as evidenced
by the low monomer yield and the presence of $-O-4 bonds in
the precipitated OligF. Nevertheless, achieving the maximum
theoretical monomer yield is crucial for promoting cost-
effective and efficient biorefinery strategies.”’

A noncatalytic lignin depolymerization was performed to
evaluate the importance of the Ni/C catalyst for the cleavage
of the #-O-4 bond and the formation of OligF and monomers
at a temperature of 225 °C and a hydrogen pressure of 1.0
MPa. Figure S2A shows the product distribution of non-
catalytic treatment, which resulted in 35.7% of SR and 44.1%
of OligF, while monomers were not detected. The noncatalytic
performance indicated that the rearrangement of lignin was
mainly due to the unfavorable formation of C—C bonds and
thus SR, while favorable OligF were formed. The presence of
ethanol as a hydrogen donor and external hydrogen source
therefore only slightly contributed to the stabilization of the
reactive intermediates formed without the catalyst. It was
beneficial for the formation of OligF, but less effective for the
cleavage of the #-O-4 bond to form monomers or to suppress
the coupling reactions and the formation of C—C bonds.

Furthermore, the contribution of the hydrogen donor
solvent to catalytic lignin depolymerization was evaluated at
a temperature of 225 °C and a pressure of 1.0 MPa under an
inert (nitrogen) atmosphere. The product distribution showed
the formation of SR with a yield of 33.7%, a yield of OligF of
46%, while the yield of monomers was 2.5% (Figure S2B),
indicating that only the hydrogen donor solvent has a minor
contribution to the formation of monomeric products.
Similarly to the dimeric model compound, the efficient lignin
depolymerization requires the presence of the Ni/C catalyst
and the supply of external hydrogen.

We reported a mass balance of about 80% for the product
distribution. The remaining mass is probably due to the losses
during the experimental procedure, measurement, and
calculation errors for monomeric products and assumptions
regarding the formation of gaseous byproducts, such as H,O,
CO, CO,, and CH, during lignin hydrotreating, which mainly
result from defunctionalisation.*”*® Moreover, smaller lignin
fragments (e.g., dimers, trimers, etc.) could remain undetected
due to the detection limits of the GC—MS analysis or remain
soluble in the liquid after precipitation of oligomeric
fragments.”*

5.5. Process- and Structure-Dependent Correlations
between the Lignin Model Compound and Lignin.
Lignin model compounds have been used extensively to gain a
fundamental and mechanistic understanding of the behavior of
lignin in various processes and to correlate the research with
the lignin macromolecule.'”****%° This approach has provided

https://doi.org/10.1021/acscatal.4c06058
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valuable insights into the reactivity and chemistry of lignin in a
more controlled and manageable environment. While the use
of lignin model compounds simplifies the complex reactant
and product distribution, reaction mechanism, and identi-
fication of motifs in lignin, there are also significant limitations,
which must be considered. Research using lignin model
compounds often lacks the structural variability and complexity
of native lignin, and the 3D structure of lignin can rarely be
mimicked. Furthermore, the product streams and downstream
technologies in such studies may not accurately reflect
conditions in real lignin systems. Lahive et al.” have critically
pointed out that hydrotreatment processes that work well in
less complex environments may fail or lead to catalyst
deactivation when applied to real lignin samples. It is therefore
important and advisable to extend studies using lignin model
components with real lignin in the same system.

Lignin depolymerization was applied after studies with lignin
model compounds lacking the process- and structure-depend-
ent correlations with further discussion on how studies with
lignin model compounds contributed to the understanding and
design of lignin depolymerization. Therefore, we proposed and
critically evaluated the correlations and predictions for a
beneficial combined study with lignin and model compounds.

5.5.1. Process-Dependent Correlations. The f-O-4 bond is
the most abundant bond in the native lignin structure, and as
such, the simplest representation of this unit was used in this
study to simulate its cleavage during lignin depolymerization.
The first step of f-O-4 cleavage in the lignin model compound
2P1PE involved predehydrogenation and removal of the OH
group in the C_-position, which proceeded similarly to lignin
depolymerization, as shown by the reduced content of the
aliphatic OH groups. However, no significant decrease in the
abundance of #-O-4 bonds, as determined by 2D-HSQC, was
observed at 175 °C. Therefore, the hydrotreatment of both the
lignin model compound and the lignin was not very efficient at
a temperature of 175 °C, as ff-O-4 units remained present in
both cases. Increasing the temperature to 225 °C resulted in an
almost 80% predehydrogenation of 2P1PE to PEB, yielding
about 35% monomeric products. In contrast, the organosolv
lignin was not completely depolymerized with about 50% of
the $-O-4 units still present in the OligF samples under the
same reaction conditions. However, the monomer yield
obtained from lignin was 8%, which is a reasonable yield
given the large structural diversity of the starting materials and
is a suitable approximation of the supplementary operating
conditions.

The lignin model compound provided a reasonable
prediction of -O-4 bond cleavage during lignin depolymeriza-
tion, suggesting that the use of such a model is beneficial for
testing catalyst activity in simpler systems. In addition,
similarities in the process mechanism were found for both
the lignin model compound and lignin, particularly in
predehydrogenation of the OH groups. This indicated that
the mechanism probably proceeds through similar reactive
sites and intermediates. However, the use of 2P1PE as a lignin
model compound did not allow the prediction of side reactions
or the formation of solid residue during lignin depolymeriza-
tion.

To further investigate the process-dependent correlations,
the turnover frequency (TOF) for the lignin model compound
and lignin was calculated and compared to evaluate the catalyst
activity for the generation of monomeric products and cleavage
of the -O-4 bond (Table 5). TOF was defined by the
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Table S. Turnover Frequency of the Lignin Model
Compound and Lignin

temperature”  TOF lignin model compound (h™')  TOF lignin (h™")
175 73.0 0.84
200 191.7 2.62
225 309.1 2.80

“At pressure of 1 MPa.

correspondence of the monomers produced, the number of
active sites of the Ni/C catalyst, and the reaction time.'
Figure S11 clearly demonstrates that the TOF correlates with
temperature for lignin and the lignin model compound, i.e,, the
hydrogenation and depolymerization, respectively. It is note-
worthy that 2PIPE shows a more favorable response and
exhibits higher efficiency and productivity with increasing
temperature for 50 °C compared to lignin. The linear
coefficient for the lignin model compound was 4.7 X 10°,
while for lignin, it was 3.9 X 1072, indicating that the increased
temperature has a significantly greater effect on the cleavage of
B-0-4 bonds in the lignin model compound, by a factor of
almost 120 compared to lignin. This temperature-induced
trend enhances the catalytic process and is therefore
particularly favorable in a less complex system. This result is
significant, as it indicates that the cleavage of the $-O-4 bonds
occurs at higher reaction rates in the lignin model compound
than in lignin. Understanding this difference is crucial,
especially when applying kinetic modeling of lignin depolyme-
rization, as the reaction rates determined for lignin model
compounds may not be fully transferable to real lignin samples.
In addition, the structural diversity of the two reactants plays a
key role in the observed variations of the determined
parameters.

The process temperature plays a decisive role in controlling
the efficiency of lignin (model compound) depolymerization.
A temperature of 225 °C is considered the absolute minimum
for effective cleavage of the f-O-4 bonds in lignin in the
presence of a Ni/C catalyst, ethanol, and hydrogen. However,
while the lignin model compound provides a good
approximation for evaluating catalyst activity, turnover
frequency, and potential for catalytic hydrotreating reactions,
the yield of lignin monomers and the formation of solid residue
are difficult to predict based on studies with the model
compound.

5.5.2. Structure-Dependent Correlations. A simple lignin
model compound represents the simplest structure of a linkage
between the units in lignin, which makes it difficult to establish
structural correlations between them. While studies with the
lignin model compounds often lead to the formation of two
monomers under different conditions and yields, lignin
depolymerization follows a more complex reaction pathway.
In addition, the structure of the resulting products is also not
fully defined and specified. The structural characteristics of
lignin or OligF products are dependent on the reaction
conditions, which significantly affected the functionality and
molecular weight distribution. Thus, predicting the product
distribution, functionality, and molecular weight distribution of
oligomeric fragments resulting from lignin depolymerization
can be difficult and limited based on studying the lignin model
compound.

https://doi.org/10.1021/acscatal.4c06058
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6. CONCLUSIONS

In this study, the cleavage of the S-ether bond was investigated
in a lignin model compound as well as in lignin, focusing on
the determination of the kinetic parameters. The Ni/C catalyst
proved to be effective in the hydrogenation of the two
reactants at the highest tested temperature of 225 °C, with
lignin depolymerization of up to 50% being achieved. The
reaction pathway showed that the predehydrogenation of 2-
phenoxy-1-phenylethanol occurred prior to the cleavage of the
P-0-4 bond, similarly evident by a 45% decrease in the content
of aliphatic OH groups during lignin depolymerization. The
development of the kinetic model confirmed the suitability of
the lignin model compound with $-O-4 bond as a starting
compound and enabled the establishment of an advanced and
highly predictive model that serves as the basis for the kinetic
modeling of lignin depolymerization. However, the kinetic
model for lignin depolymerization goes beyond the state-of-
the-art of this study, thus process- and structure-dependent
correlations were proposed. The results highlighted a temper-
ature dependence of f-O-4 bond cleavage, which was required
for effective hydrogenation of the lignin model compound and
lignin depolymerization. The comprehensive mechanism of
lignin depolymerization remains scarcely defined as it is
difficult to predict the positions of the cleavage and side
reactions, although the comparative study suggested that
aliphatic OH groups were removed and further cleavage of the
f-O-4 bond occurred at the C4—O position. The product
distribution of lignin depolymerization and the structural
characteristics of the oligomeric fragments, in particular the
molecular weight and functionality, were affected and process-
dependent by temperature, whereby the functionality and
reactivity of the oligomers cannot be clearly foreseen by
studying the dimeric model compound. The investigation of
lignin depolymerization using a model component without
mapping and applying the optimal reaction conditions of the
model system to a real lignin sample therefore provides an
incomplete understanding of the process.

Nevertheless, we believe that modeling the kinetics of a real
lignin sample is challenging and requires significant mathe-
matical knowledge to develop high-quality predictive models
for biorefineries. Therefore, future work will likely include and
require additional lignin-like intermediate molecules, e.g,
oligomers, fractionated oligomers, or lignin, to bridge the
knowledge gap between the easily predicted systems and the
complex (bio)polymer molecules.
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