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Understanding the adsorption interactions of lignin derivatives within established industrial zeolite catalysts is
crucial for optimising the catalytic conversion of more sustainable, non-fossil, lignin-based feedstocks into
value-added fuels and chemicals using established infrastructure. The adsorption of key lignin pyrolysis oil
derivatives (p-cresol, m-cresol, o-cresol, anisole and guaiacol) within commercial samples of zeolite
catalysts relevant to lignin conversion (HY, H-Beta, H-ZSM-5) was investigated using a combination of
inelastic neutron spectroscopy (INS) and density functional theory (DFT) calculations. A wide range of
adsorption energies were calculated (—97 to —157 kJ mol™3), with stronger adsorption observed in the
smaller pored zeolites, correlated to the increased stabilising interactions with the pore walls. The observed
variations in adsorption strengths among lignin derivatives were attributed to the specific adsorption
geometries influenced by their functional groups, and the molecular shape relative to the pore topography
at the location of the acid site, with each derivative, except anisole, favouring a configuration involving two
hydrogen bonds via a five-membered ring structure. Using DFT phonon calculations to directly reproduce
the INS spectra, we assigned vibrational modes for each structure within the 200-1200 cm™* range.
Changes in peak positions, intensities, and widths between the INS spectra of the pure compounds and
those dosed in the zeolite catalysts were explained through comparisons with the phonon calculated
spectra. Specific peaks attributed to H-bonding group vibrations showed the most significant shifts in H-
ZSM-5, followed by H-Beta and HY, correlated with a breaking of adsorbate—adsorbate interactions in the
smaller-pored zeolites due to strong interactions with the acidic sites and pore walls. In contrast, the larger
HY supercages facilitated increased adsorbate—adsorbate interactions, resulting in spectra more similar to

those of the pure compound systems. Where the pure compound contained no H-bonding groups, in the
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adsorption. This effect was due to H-bonding to acid sites, and was amplified in the smaller pores of H-
DOI: 10.1039/d55u00024f ZSM-5. The study brings insights into factors governing the interactions fundamental to the conversion of

rsc.li/rscsus biomass based feedstocks with established catalytic technologies.

Sustainability spotlight

The sustainable transformation of lignin-based biomass into value-added fuels and chemicals is critical for reducing dependency on fossil fuels and advancing
a circular bioeconomy. Our work provides key insights into the adsorption interactions of lignin derivatives within industrial zeolite catalysts, enabling the opti-
misation of catalytic processes for biomass conversion using existing infrastructure. By elucidating the role of pore topology and functional group interactions, we
help to lay groundwork for improving catalyst design and efficiency, contributing to the transition to sustainable energy and chemical systems. This research aligns
with UN Sustainable Development Goals 7 (Affordable and Clean Energy), 12 (Responsible Consumption and Production), and 13 (Climate Action) by promoting
renewable feedstocks, reducing waste, and advancing technologies that mitigate environmental impacts.
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1 Introduction

Lignin-based feedstocks have the potential to play a significant
role in decarbonising the chemical industry by replacing fossil
sources for the production of higher value chemicals or fuels.
However, their high O: C and C: H ratios must first be reduced
to improve their processability (where a high oxygen content
leads to increased polarity and reactivity, making the feedstock
more prone to degradation, side reactions and polymerisation)
and energy density." Deoxygenation of lignin is hindered by
high aromaticity, with the C-OH bond in phenolic species being
approximately 84 kJ mol ' stronger than in aliphatic
compounds.” A promising solution involves acidic zeolite cata-
lysts, which can reduce oxygen content under milder conditions
and are part of an established infrastructure from their long
standing use in the petrochemical industry.>”

Oxygen-containing functional groups often form hydrogen
bonds (H-bonds) with zeolite Brgnsted acid sites (BASs) and
these are typically the first to be removed during lignin
conversion. However, zeolites are prone to deactivation as
lignin-based compounds, such as phenol, strongly adsorb to
zeolite acid sites, reducing catalytic activity and micropore
volume.®® This leads to coke formation through re-
polymerisation reactions influenced by the zeolite pore size.
Phenolic compounds with two oxygen atoms, such as guaiacol,
are more resistant to hydrodeoxygenation (HDO) and prone to
coke formation.’ Therefore, understanding how the presence
and nature of oxygen-containing functional groups, coupled
with how the differing molecular shapes of lignin derivatives
controls their adsorption and selectivity within the zeolite
catalyst pores, is crucial for developing more effective lignin
conversion processes.

Infra-red (IR) spectroscopy is frequently employed to study
the nature of such adsorption. The adsorption of benzene in
ZSM-5 was investigated by IR, which found that BASs were the
most common adsorption site.'* Even in siliceous ZSM-5,
adsorption to the framework oxygen was observed instead of
adsorbate clustering, which was also observed with cresol
adsorption in Na-X." IR spectral peaks, representing the
hydroxy asymmetric stretching and deformation modes of
cresol molecules, showed major shifts upon adsorption into the
zeolite, increasing for the p-isomer over the m-isomer due to
stronger interactions with the framework. In contrast, adsorp-
tion studies of xylene isomers (containing no hydroxy groups) in
zeolite Beta showed an increase in uptake for m-xylene over p-
xylene, attributed to increasing polarity and increasing kinetic
diameters.*” Vibrational spectroscopy has also been used to
study guaiacol vibrational bands pre- and post-loading into
shape-selective clay catalysts, which showed shifting of several
vibrational modes to lower energies indicating the presence of
significant adsorption interactions.®

In recent years, ab initio modelling techniques have become
increasingly accurate in predicting adsorption energies of
aromatics and lignin derivatives in zeolite catalysts,'>"* dis-
playing significant transferability and allowing the inclusion of
important dispersion/non-bonding interactions with the zeolite
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which profoundly impact the energetics."” For example,
benzene adsorption onto HY gave a binding energy of
—63 k] mol ', compared to an experimental value of
—64 kJ mol~".** Adsorption energies are strongly dependent on
the molecule/pore shape relationship and resulting adsorption
configurations, based on electronic (mesomeric and inductive)
and steric (local zeolite topography and molecule shape and
size) effects.® In siliceous zeolites, adsorption of aromatic
molecules through their ring hydrogen atoms or m-interactions,
observed for phenol (—62 kJ mol "), toluene (—55 kJ mol ") and
benzene, is far weaker than adsorption through H-bonding
interactions with the phenol hydroxy group (—115 kJ mol %),
with the hydroxy group giving shorter H-bonding distances
also.’" Even stronger H-bonding interactions were observed
for phenol and catechol to BASs in acidic zeolites through the
formation of two simultaneous H-bonds.'®?° Comparing the
adsorption of different functional groups, guaiacol exhibited
preferential bonding to BASs through its hydroxy group, rather
than its methoxy group.* The adsorption selectivity can also be
tuned upon variation of the Si/Al ratio, with stronger adsorption
of anisole observed upon additional interactions with a second,
nearby BAS.”

Beyond the effects of molecular species and their associated
functional groups, the zeolite pore shape and diameter greatly
affect adsorption strengths.*> More negative adsorption ener-
gies are typically observed in smaller-pored zeolites due to the
‘confinement effect’ or ‘nest effect’.> This phenomenon has
been observed both experimentally***® and computationally,*”**
where the catalytic properties may be improved through opti-
mising the pore environment in terms of the shape, bonding
configuration, and electronic structure of the adsorbate.”® The
bonding strength increases as the molecular size approaches
that of the zeolite pore or with molecules of sufficient polar-
isability, demonstrated by the increasing adsorption strengths
of n-butanol within the smaller pores of H-ZSM-5 compared to
HY,” or when at sufficient loadings to fill the zeolite pores.>®
Isomer shape effects are also important to consider, shown for
xylene isomers where the E,qs varied by 150 k] mol™* due to
differences in steric constraints, which in turn, controlled the
selectivity of their disproportionation products.*

Neutron spectroscopy techniques are particularly suited to
both probing the catalyst structure/active sites** and the
behaviour of adsorbed molecules in the catalyst micropores, the
unique sensitivity of neutron spectroscopy to 'H allows for deep
penetration of the neutron into the inorganic zeolite catalyst
structure to interact only with the organic adsorbates.*” Inelastic
neutron scattering (INS, vibrational spectroscopy with
neutrons) differs from photon-based techniques in that they do
not exhibit cut-offs due to lattice absorption, and are not subject
to selection rules meaning all modes are allowed and the entire
vibrational range is accessible (0-4000 cm™").?* The technique
has been shown to be particularly revealing in probing H-
bonding species interacting with acidic sites in zeolite cata-
lysts, and how this changes with zeolite framework.** Direct
interpretation of INS spectra may be achieved through the
quantitative comparison between vibrational bands obtained
using static density functional theory lattice dynamics
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calculations,* either carried out using period boundary condi-
tions or with more recently developed QM/MM based method-
ologies.** As INS measurements are typically taken at base
temperatures (<10 K), they are particularly suited to compari-
sons with low energy configurations calculated by DFT, as
opposed to higher temperature experiments which may benefit
more from dynamic sampling of potential energy surfaces. At
lower temperatures, entropic contributions are less significant
due to reduced configurational mobility, making static energy
considerations more critical, and the free energy more closely
resembles the electronic energy."

In this study, we capitalise on the strong complementarity of
INS and QM modelling to analyse the vibrational modes and
adsorption energies of cresol isomers, anisole and guaiacol
when adsorbed in industrial samples of acidic zeolites HY (Si/Al
= 15), H-Beta (Si/Al = 12.5) and H-ZSM-5 (Si/Al = 11.5), where
significant differences in diffusivity of the proposed lignin
derivatives have been observed.*”*® The combination gives us
significant insight into the adsorption interactions of the
different derivatives in the differing pore systems, verified by
the experimentally observed changes in vibrational bands at low
energy, which were directly reproduced by the QM modelling.

2 Experimental

2.1 Inelastic neutron scattering experiments

Zeolite HY (Si/Al = 15), NH,-beta (Si/Al = 12.5) and NH,-ZSM-5
(Si/Al = 11.5) were obtained from Zeolyst International
(CBV720, CP814E* and CBV2314 respectively). These industrial
reference materials have been extensively characterised in the
literature and we have compiled a table of their textural prop-
erties including the internal/external surface areas along with
micropore and mesopore volume in Table S1 in Section S1.7 The
ammonium form zeolites were calcined in air by heating from
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room temperature to 523 K at a rate of 2 K min~" and then to
823 K at 5 K min~ ' and held for 4 hours. The zeolites were dried
under vacuum at 523 K for ca. 18 hours.*® After cooling, zeolite
samples which were to be studied for lignin derivative adsorp-
tion were loaded gravimetrically with either 10% wt. of each
cresol isomer, guaiacol or anisole (each obtained from Sigma-
Aldrich) under an argon atmosphere. The lignin derivative
liquids were applied drop-wise to the zeolite powders and the
mixtures were ground using a pestle and mortar. The loaded
samples were then heated at 353 K for ca. 18 hours in an airtight
container sealed with copper rings to allow diffusion into the
zeolite pores.*” Then, under an argon atmosphere, 10 g of each
zeolite sample without the presence of adsorbate was trans-
ferred after the drying step, and 11 g of each organic dosed
sample was then loaded into large, flat, aluminium cans sealed
with indium wire. 1 g of the pure lignin derivatives (cresol
isomers, guaiacol and anisole) were loaded by the same method
into smaller cells.

The INS measurements were carried out at base temperature
(<20 K) and were performed on the TOSCA instrument, an
indirect geometry spectrometer at the ISIS Pulsed Neutron and
Muon Source, Rutherford Appleton Laboratory.**** MANTID*
neutron scattering analysis software was used to convert the
neutron time-of-flight data to energy transfer values and sort the
data to generate the presented spectra.

2.2 Density functional theory calculations

2.2.1 Building and testing the zeolite framework models.
For each different zeolite, the unit cell was obtained from the
results of a single crystal X-ray study and optimised, with the
cell parameters (A) listed in Table S2.T *“*¢ For zeolite HY, to
minimise the calculation expense, rather than use the larger
cubic crystal system with a Fd3m space group, the primitive
triclinic crystal system of 144 atoms was used. For zeolite H-

(a) Triclinic HY

(b) Orthorhombic H-Beta

(¢) Monoclinic H-ZSM-5

Fig. 1 Primitive unit cells of HY, H-Beta and H-ZSM-5 and their labelled O/T-sites (T = Si or Al). Si shown in blue, oxygen in red.
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Beta, a primitive unit cell of polymorph A composed of 192
atoms was used, with tetragonal symmetry (P4,22), shown in
Fig. 1(b). For H-ZSM-5 the primitive monoclinic unit cell formed
below 340 K** with P2,/n11 symmetry, containing 288 atoms was
used. The structures are shown with their non-equivalent T-
sites (T = Si or Al) labelled in Fig. 1, there is only one unique
T-site in HY.

The experimental systems had high acid site densities (Si/Al
from 11.5-15.0) and relatively high adsorbate loadings
(10% wt.) with the aim of better representing catalytic systems
and increasing the scattering signal. There were more acid sites
present compared to adsorbates, with 1.13, 1.33 and 1.45 acid
sites available per cresol/anisole molecule in HY, H-Beta and H-
ZSM-5 and 1.30, 1.53 and 1.66 acid sites available per guaiacol
molecule.

Bronsted acid sites (BASs) are heterogeneously distributed in
zeolites. The most common Al T-site positions in each structure
vary with synthesis conditions**** and with the experimental®
and theoretical techniques applied, as well as complications
related to thermodynamic or kinetic control,**** with some
evidence even suggesting that protons can hop between adja-
cent oxygen atoms.>* > It is important to note that the density of
acid sites in specific confining regions of each framework may
vary with zeolite structure. However, to match the experimental
Si/Al ratios in the simulations, the primitive cell systems of HY,
H-Beta and H-ZSM5 would require approximately 3, 4, and 7
BASs, respectively. When designing the systems for each zeolite
structure, a range of potential T-sites were assessed and the
configurations giving the best agreement between simulated
and experimental vibrational spectra were selected. The precise
nature of how we generate the simulated spectra is described in
detail in the next section, as well as in the ESI.T However, these
modelled spectra take into account the neutron scattering
cross-section, resolution effects and combination/overtone
bands that are present in the experimental spectra. A detailed
discussion including assessment of differing combinations/
locations of acid sites and the agreement with experimental
INS spectra can be found in Section S3.t1 In zeolite Y, all T-sites
are crystallographically equivalent and the proton placed at O1,

i

&

Fig. 2 Simulated spectra of each zeolite containing a single acid site
(dashed lines) and their matches to the corresponding experimental
INS spectra (solid lines).
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protruding into the super cage®>*~° showed good agreement
with the experimental spectra as shown in Fig. 2. It is of course
important to note that HY catalysts with Si/Al = 15 will contain
significant defects related to extra-framework aluminium
(EFAL) or silanol nests® due to the dealumination process
necessary to achieve this composition in FAU zeolites. Indeed,
recent characterisation of our exact material revealed 11.2% of
the Al in the sample was octahedral EFAL.®* Given the majority
of Al is found to remain as framework Al, and given the
acceptable agreement of the theoretical and experimental INS
spectra, we consider our approximation of the unit cell for HY to
be adequate.

The BAS placed at T1 in both H-Beta®***** and H-ZSM-5 (ref.
49 and 65) gave the best match to the INS experiment, where the
comparison between the calculated and experimental INS
spectra are shown in Fig. 2. The phonon calculated INS spectra
sampling a range of different acid site locations are displayed
and detailed in Section S3.t

Based on the zeolite unit cell structures, a loading of 10% wt.
Corresponds to 2-3, 3-4 and 5-6 cresol molecules loaded into
HY, H-Beta and H-ZSM-5, respectively. Hence, we tested our
DFT modelled systems to assess the impact of increasing the
loading of cresol molecules on the reproduction of experi-
mental INS spectra as discussed in Section S3.3.f In our
preliminary calculations comparing the phonon calculated INS
spectra as a function of p-cresol loading in each zeolite, we
observed good agreement between the experiment and the
simulations which contain a single acid site bound to a single
cresol molecule. We could therefore confidently proceed by
modelling a single adsorbate per zeolite unit cell.

The acid sites and adsorbates were added into the unit cells
using Materials Studio® and viewed in VESTA,*” with all images
taken from VESTA. The simulated vibrational spectra were
produced using the ADINS plug-in in MANTID**** and the
dynamics were viewed using Jmol.*

2.2.2 Running the simulations. The calculations were per-
formed using the VASP code,”®”* applying the PAW method.” As
with previous work looking into molecular adsorption onto
zeolite BASs,” the PBE exchange correlation density func-
tional™ with the D3 dispersion correction” was applied, which
has been shown to reproduce trends in adsorption energies
with zeolite topology.”® Functional choice showed little differ-
ence to the modelled vibrational spectra, as discussed in
Section S3.4 and shown in Fig. S6.1 The cut-off energy was set to
850 eV, sampling the Brillouin zone at the I'-point only,
considering both the simulation convergence and computa-
tional expense, as shown in Fig. S1.T The use of I'-point grids is
consistent with previous works studying large zeolite systems in
recent years.”””®

In an attempt to find the global ground state structures
before calculating the adsorption energies, a simulated
annealing process was carried out using ab initio MD simula-
tions, ramping them up to temperatures of 80-180 K in an NVT
ensemble, as detailed by Abatal et al.” The temperature was
then ramped down to 0 K, which gave lower energy structures
than those obtained through placing the molecules manually.
This was followed by a geometry optimisation, applying an

RSC Sustainability, 2025, 3, 2938-2951 | 2941


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00024f

Open Access Article. Published on 20 maj 2025. Downloaded on 20-06-2026 20:01:28.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

electron smearing method of ¢ with 0.05 eV. The convergence
criteria was set to 10~ ° eV for the total energy, and 0.02 eV A~ in
force.

The vibrational frequencies of all atoms were obtained by
computing the second order derivatives of the total energy
concerning the ion positions by applying the finite differences
method. The adsorption energies (E,qs) were also calculated
applying eqn (1) using the final energies of the empty zeolite
(Ezeolite), isolated adsorbate (Eagsorbate) and the system with the
adsorbate adsorbed within the zeolite (Eagsorbate+zeolite)-

Eads = Eadsorbale+zeolite - (Eadsorbate + Ezeolite) (1)

All of the simulated vibrational spectra show the funda-
mental vibrations, with the first overtones and second-order
combinations present in the shaded regions of the spectra. All
of the spectra intensities (S(Q, w)) in this report have been
scaled and offset to allow for a clear comparison of the data.

3 Results and discussion

3.1 Inelastic neutron scattering

INS can directly probe the vibrational modes of hydrogenous
species with enhanced clarity, particularly for low energy
modes, due to the very large incoherent scattering cross-section
of 'H. It is therefore uniquely powerful for probing molecules
encapsulated within inorganic zeolite and
observing changes to the spectra obtained from the pure
compound upon adsorption. These changes are shown for each
lignin derivative upon adsorption into H-ZSM-5 in Fig. 3 where
the most significantly affected adsorption bands are high-
lighted with an asterisk. The spectra of all compounds adsorbed
into each zeolite catalyst are shown and discussed in Section
S5.2.%

All vibrational modes have been assigned through direct
comparison with DFT phonon calculated spectra, as detailed in
Section 3.3 and comprehensive identification of the peaks
observed in the INS spectra, alongside delineation of changes in

frameworks

'é* —— o0-Cresol

Iel —— m-Cresol in H-ZSM5

= * —— m-Cresol

@ — p-Cresol in H-ZSM5
p-Cresol

*
T T T T T
200 400 600 800 1000 1200

Wavenumber (cm™)

(a) Cresol isomers

Fig. 3
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each band upon adsorption in the zeolite catalysts, are listed in
Tables S4-S8.}

The adsorption of each derivative into each zeolite induces
common changes in the INS spectra across all samples,
including broadened and less distinct peaks at low wave-
numbers (approximately <400 cm ™). Many peaks in the spectra
of the pure (solid) compounds indicate frustrated translational
and rotational (lattice) modes of the molecule.”* The broad-
ening and shifting of these peaks in the zeolite samples indicate
significant adsorption interactions of each lignin derivative in
the catalyst frameworks, leading to lower symmetry structures.’

Adsorbed molecules can occupy a range of environments,
including H-bonding to zeolite BASs of varying acidities, the
formation of weaker van der Waals interactions with the
framework, or interactions with one or more adsorbate mole-
cules in the pore system.®® Such broadening effects were
observed for loosely adsorbed water,* and methanol**** due to
interactions that manifest in various configurations and were
shown to have significant effects on the mobility of both
species.®»® Intermolecular bonding interactions between
adsorbates can feature varied bond lengths and angles owing to
the differing environments within the zeolite, such as straight
and sinusoidal channels, channel intersections, and cages/
windows of differing dimensions or indeed at defect sites.*® In
contrast, the pure compounds that have a solid, typically crys-
talline structure at 20 K exhibit higher symmetry and fewer
unique molecular positions, leading to sharper, well-defined
peaks.

Comparing zeolite-encapsulated samples to their bulk
counterparts reveals numerous peak red-shifts towards lower
wavenumbers, with varying magnitudes, alongside reductions
in the intensities of specific peaks (detailed in Tables S4-S8T).
The red-shifts can be partially attributed to decreased geomet-
rical constraints in the zeolite pores compared to the severely
restricted solid crystal structures. Similar observations were
made at very low wavenumbers for confined water, where the
faujasite pore system offered more vibrational freedom and
resulted in fewer H-bonds per molecule than in ice.*

—— Anisole in H-ZSM5
—— Anisole
— Guaiacol in H-ZSM5

Guaiacol
*
*

S(Q,0)

N\

ad LTl A J N
[/ U N Ao A AN

T

T
200 400 600 800
Wavenumber (cm™)

T
1000 1200

(b) Anisole and guaiacol

INS spectra (a) p-cresol, m-cresol and o-cresol and (b) guaiacol and anisole, each as a pure compound, and then when loaded into H-

ZSM-5. Example bands exhibiting more notable changes when dosed into the zeolite have been identified (*).
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In Fig. 3(a), the labelled cresol vibrational bands (*), which
show a broadening and decrease in the intensity of the relative
peak heights upon adsorption into each zeolite framework, all
involve oop (out of plane) bends of the cresol hydroxy group. In
anisole, Fig. 3(b), the labelled peaks all involve a vibration of the
methoxy group, and guaiacol (Fig. 3(b)) typically shows
concerted motions of both the hydroxy and methoxy groups (as
listed in Tables S7 and S81). The methoxy-related peaks in
anisole show much more broadening and decreases in intensity
compared to hydroxy-related peaks in the cresol samples. This
is because in anisole no hydrogen bonding occurs in the pure
compound, unlike the other samples, but does occur when H-
bonds form with the zeolite acid sites. This is present in
guaiacol but to a lesser degree.

More subtle changes were observed upon comparing each
molecule adsorbed into the different zeolites, as shown for p-
cresol, anisole and guaiacol in Fig. 4.

Between the different zeolite frameworks, more subtle
differences in peak shifts and broadenings are observed for
each compound, particularly for larger magnitude motions (e.g.
symmetrical methyl and hydroxy bending modes) and those
involving the H-bonding functional groups. Modes that show
little to no shift typically involve smaller magnitude motions -

S(Q,0)

T T = T T T T
280 300 320 340 360 380 400 420 440
Wavenumber (cm™")

(a) p-Cresol
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such as ring atom vibrations - that do not involve changes upon
H-bonding, suggesting that the local energy surface around
their energetic minima is relatively unaffected by such pertur-
bations. This is shown by the changes in charge density upon H-
bonding, primarily involving the hydroxy groups, discussed
further in Section 3.2.

Increased spectral red-shifting for each compound is
generally observed with the decreasing zeolite pore size of HY >
H-Beta > H-ZSM-5. In the case of the cresols, there are slightly
more acid sites available compared to the number of molecules
as the pore size decreases in each sample (1.13 in HY, 1.33 in H-
Beta and 1.45 in H-ZSM-5 acid sites per molecule), but the
larger, more cage-like pore structure of HY (~14 A supercages) is
more able to accommodate adsorbate-adsorbate interactions,
perhaps leading to spectra more similar to those of the pure
compounds. The peak at 343 cm ™" in Fig. 4(a), representing OH
bending, particularly decreases in intensity from HY to H-ZSM-
5. The H-Beta and H-ZSM-5 channel structures are more
conducive to adsorbates strongly interacting with the pore walls
as opposed to adsorbate-adsorbate interactions® (discussed in
more detail in Section 3.2).

Anisole and guaiacol show slightly differing relationships
between peak broadening/intensity losses and the zeolite

S(Q0)

T T T T T T T T
200 250 300 350 400 450 500 550 600
Wavenumber (cm™")

(b) Anisole

S(Q,0)

— H-Y

—— H-Beta

—— H-ZSM5

—— Pure compound

T T T T T
150 200 250 300 350 400

T T
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Fig. 4 Vibrational spectra of (a) p-cresol, (b) anisole and (c) guaiacol in zeolites HY, H-Beta, and H-ZSM-5 compared to the pure compounds,

with selected vibrational modes pictured.
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framework. Anisole (Fig. 4(b)) shows significant peak shifts
from 227-283 cm™ " from HY to H-ZSM-5, representing changes
in the methoxy methyl torsions. The lower energy methoxy
methyl rotational modes have previously been shown to be very
sensitive to their local environment,®® and such red-shifts were
also observed for methyl acetate in H-ZSM-5.*° Guaiacol
(Fig. 4(c)), shows less shifting of this methyl torsion peak as the
zeolite topology changes. It is however noted that the internal
H-bonding between the hydroxy and methoxy groups may affect
the interactions with the acidic sites (probed further in Section
3.2) and the resulting shifts.

The loss of intensity and broadening of the in-plane methoxy
bending modes of both anisole (~550 cm™') and guaiacol
(~500 cm™" - concerted with a ring deformation) is highlighted
in yellow in Fig. 4(b) and (c), respectively, and the increase in the
level of shifting as the zeolite framework changes is particularly
clear. Notably, no bonds occur between methoxy groups in the
crystalline pure compounds (Section S5.11) and van der Waals
forces dominate the interactions of these groups. Upon dosing
either compound into the zeolites, the potential formation of H-
bonds between the methoxy groups and the zeolite acid sites
leads to larger changes in this bending mode (Fig. 4(b)). The
following sections examine the varying adsorption strengths
and configurations across different samples and assess the
extent of shifting in the DFT-calculated INS spectra to ratio-
nalise the spectral changes for each compound upon adsorp-
tion into each zeolite framework.

3.2 Adsorption energies and bonding configurations

From the DFT adsorption calculations performed for each
lignin derivative in each zeolite framework, some general trends
for the adsorption energies and H-bonding configurations were
identified. The adsorption energies are listed in Table S3,f
ranging between —97.4 and —156 k] mol~". The lowest energy
zeolite-adsorbate configurations (shown in Fig. S7-S97) always
involved the formation of H-bonding interactions® between the
adsorbate oxygen (present in methoxy or hydroxy functional
groups) and the zeolite BAS (Hpas—Oaqs), With associated Ogps—
Hgpas—Oaqs angles.

The most energetically favourable configuration for mole-
cules containing a hydroxy group (excluding anisole) was
observed when it adopted a configuration with two H-bonds,
creating a pseudo-6-membered ring (6-MR), as depicted in the
images for p-cresol to guaiacol at the top of Fig. 5, with all of the
configurations shown in Fig. S7-S9.f The adsorbate hydroxy
group exhibits a preference for bonding to a framework oxygen
atom adjacent to the aluminium atom due to its increased
electron density (illustrated by the listed changes in the Hygs—
O,co bond and O,gs-Haqs—O,e0 angle in Fig. S10 and S11f
respectively). Similar bonding configurations have been re-
ported previously for hydroxy-aromatic compounds adsorbed
onto H-ZSM-5,*'® with lower energy configurations of guaiacol-
to-acid site bonding through its hydroxy, rather than the
methoxy group.”* However, an exception is observed with m-
cresol in H-ZSM-5, where an 8-MR structure is adopted (see
Fig. S97) and will be discussed in more detail later.
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Fig.5 The adsorption energies for each lignin monomer H-bonded to
an acid site in zeolite HY (green), H-Beta (blue), and H-ZSM-5 (purple).
At the top are the bonding configurations of each monomer in H-Beta.

In the case of guaiacol, which features adjacent methoxy and
hydroxy groups, the molecule was able to form additional
intramolecular interactions (Hags~Oome), With the hydroxy
group H-bonding to the zeolite framework oxygen and the
methoxy group oxygen concurrently (Fig. S7(d)-S9(d)t), thereby
further stabilising its structure. This arrangement resulted in
guaiacol's lowest-energy configuration in H-Beta and H-ZSM-5,
but not in HY, where the specific geometry of the pore struc-
ture causes steric hindrance that makes this configuration less
favourable, though this is also dependent on the acid site
location.

The trends in adsorption energy with zeolite and adsorbate
type are shown in Fig. 5. The values associated with these
parameters are listed in Table S3, and where the adsorbates
formed 6-MR (or 8-MR) structures, or intramolecular H-bonding
in the case of guaiacol, the lengths and angles of the additional
bonds formed are also given.

Awide range of adsorption energies were observed, from —97
to —157 k] mol *, with stronger adsorption energies obtained as
the zeolite pore size decreases (i.e. from HY to H-Beta to H-ZSM-
5). These values align with those reported for analogous
systems, such as phenol adsorption in Brensted acidic H-ZSM-5
(=105 kJ mol")*® and and other studies probing phenol (—100
to —109 k] mol '), anisole (—106 to —118 k] mol ') and cresols
(—108 to —124 kJ mol ") in H-ZSM-5 with acid sites situated at
T-11 and T-12 respectively.® The Hpss—O,45 bond lengths showed
minimal variation, ranging from 1.46-1.57 A (defined as strong
H-bonding).”® Additional H,4s-0,c, H-bonds were observed in
all systems except anisole, ranging from 1.81-2.35 A, compa-
rable to the previously observed bonding structure of phenol
adsorption onto H-ZSM-5 with two H-bonds of lengths 1.53 and
1.80 A." Interestingly, the Hags~O,eo bond lengths increase from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HY to H-ZSM-5 (Fig. S10(b)t), which contrasts the trend of
stronger adsorption energies. This suggests that minor bond
length variations have little effect on adsorption strength, or
that in smaller-pore systems, enhanced van der Waals interac-
tions with the framework may pull the adsorbate away from the
acid site, with the overall gain in framework interactions out-
weighing the loss of interaction at the acid site, discussed next.

The bond angles exhibit some deviation from an optimal
linear H-bonding configuration, with Opas—Hpas—Oags angles
ranging from 154-178°, though no consistent trends are
observed across zeolite frameworks. Compared to structures
where only a single H-bond can form (e.g. anisole-to-zeolite
interactions), allowing for near-linear bonding angles, struc-
tures with two H-bonds between the molecule and the zeolite
exhibit more constrained geometries. The molecules adopt
conformations that appear to maximise the linearity of both H-
bonds.

Despite the lack of a clear trend in adsorbate-to-zeolite H-
bond lengths and angles, the zeolite framework structure
significantly influences adsorption strengths. We largely attri-
bute the increased adsorption strengths observed with
decreasing zeolite pore size to the enhanced ‘confinement
effect’ of smaller-pored zeolites, as discussed in Section 1.**
Fig. 6 illustrates this ‘confinement effect’, showing an increase
in the number of zeolite framework oxygen atoms in proximity
(within 5 A) to adsorbate hydrogen atoms, progressing from HY
to H-Beta to H-ZSM-5. This demonstrates a clear correlation
between the adsorbate-to-zeolite contact and adsorption energy.

The charge difference plot in Fig. 7 shows large changes in
the charge density of all atoms involved directly in H-bonds, but
also the surrounding atoms. Locally, these changes facilitate H-
bonding; however, the changes on the non-interacting atoms
(such as the benzyl hydrogen in closest proximity to the
framework) may be due to longer-range interactions with the
adjacent pore walls. This intricate balance of short-range H-
bonding and longer-range excess charge/van der Waals

120

100 + —

40

Number of H_4-O,, pairs

20

o-Cresol Guaiacol Anisole

Adsorbate

p-Cresol m-Cresol

Fig. 6 The number of Hzgs—Oseo pairs within 5 A of one another,
supporting the hypothesis of a stabilising confinement effect of zeolite
HY (green), H-Beta (blue), and H-ZSM-5 (purple).
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Fig.7 Example charge density difference plot of p-cresolin H-ZSM-5,
with areas of increased and decreased electron density shown in
yellow and blue, respectively, relative to unbonded p-cresol and H-
ZSM-5.

interactions is greatly dependent on the adsorbate species, the
local acid site geometry and the longer-range geometry of the
pore walls. Therefore, tailoring acid site placement to improve
molecule-zeolite compatibility can accommodate stronger
adsorption.

The adsorption energies, however, vary less between the
different aromatic lignin derivative species than between the
zeolite topologies, appearing to depend less on longer-range
adsorbate-zeolite contacts and more on the shorter-range
interactions of the functional groups present and the H-
bonding interactions formed. Most notably, weaker adsorp-
tion of anisole to the BASs in each framework is evident (see
Fig. 5), with only a single H-bond formed between the molecule
and zeolite (Fig. S7-S9%). This is primarily attributed to the
absence of the hydroxy group, which is present in every other
monomer, so a second H-bonding interaction cannot form, but
allows for a more optimal linear bonding angle of the single H-
bond formed (Table S37).

The remaining derivatives show greater similarities in their
adsorption energies, with complex differences in the charge
densities, depending on the configurations adopted. When
comparing the cresol isomers, a trend in adsorption strength is
observed as p-cresol > m-cresol > o-cresol in HY and H-Beta. For
o-cresol, we observe slightly longer Hgys—O,qs bonds (1.46-1.57
A compared to 1.46-1.47 A) and less linear bonding angles (154-
165° compared to 161-173°). In o-cresol, short-range repulsive
interactions between the methyl group and zeolite framework
cause the neighbouring H-bond to lengthen and weaken, rela-
tive to the other cresol isomers where the methyl group is
positioned further from the hydroxy group. The effect is evident
in the reduced electron density of the Hpys—O,q4s bond for o-
cresol, as shown in Fig. 8, compared to the other cresols.

In contrast, in H-ZSM-5, the meta cresol isomer exhibits the
weakest adsorption due to a less stable 8-MR configuration,
shown in Fig. 9. While the 6-MR configuration is typically more
stable, m-cresol adopting such a conformation in H-ZSM-5 rai-
ses the system's energy as the methyl group would come into
very close contact with the zeolite framework atoms, resulting in
repulsive interactions. In the 8-MR configuration, the methyl
group orients into the sinusoidal channel opening, reducing
repulsion and stabilising this configuration. In the case of o-
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Fig. 8 Charge difference models showing increased electron density (green) in the different cresol isomers H-bonded to an acid site in HY,

relative to the unbonded cresol isomers and zeolites.

cresol, although the presence of the methyl group slightly
increases the length of the H-bonds formed in the 6-MR
configuration, the methyl group is positioned towards the
sinusoidal channel, avoiding short-range repulsive interactions
with the framework. p-Cresol forms the most stable structure in
H-ZSM-5 by adopting an unperturbed 6-MR configuration, with
the methyl group pointing down the H-ZSM-5 straight channel
(Fig. S9t).

Comparatively, guaiacol exhibits weaker adsorption in HY
compared to the cresol isomers, but stronger adsorption in the
other two zeolites despite exhibiting longer bonding lengths
and less linear bonding angles of both the Hpss—0,qs and Hygs—
O, interactions, due to greater steric hindrance of the larger
methoxy group in the ortho position. Repulsive interactions
involving the bulkier methoxy group explain the weaker
adsorption in HY, however, stronger adsorption of guaiacol in
H-Beta and H-ZSM-5 is attributed to the ability of guaiacol to
form three H-bonds as shown in Fig. S8 and S9.f The same
stabilised structure with intramolecular H-bonding was also
observed in previous work probing lignin derivative interactions
and diffusion.?”**°>> When guaiacol is optimally H-bonded to
the acid site in HY, which involves forming simultaneous
intramolecular H-bonds, the methoxy group comes into close
contact with the zeolite framework. Guaiacol, therefore, flips its
intramolecular configuration such that the hydroxy group
points away from the methoxy (6-MR structure, Fig. S7(d)t). The
penalty for guaiacol forming its more standard intramolecular
H-bonding in HY is therefore too great in comparison to the

Fig. 9 8-MR structure formed by m-cresol in H-ZSM-5.
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stabilisation effect of optimal H-bonds formed between its
hydroxy group and the zeolite acid site.

We have demonstrated that the zeolite topology and local
framework environment significantly impact the adsorption
energies of small aromatic species due to the ‘confinement
effects’ they impose, along with orientational variations
depending on the local channel structure. Additionally, the
functional groups present on each molecule and the resulting
H-bonding interactions they can form with the zeolite BASs also
impact adsorption energies, albeit to a lesser extent, as seen in
the case of anisole when compared to other molecules. The
impact of minor variations in molecular shape on the strengths
of the calculated interactions formed is highly dependent on
the shape-compatibility between adsorbate and zeolite pore,
affecting the H-bonds, long-range van der Waals, and short-
range repulsive interactions. Therefore, the lower energy
configurations that form and the strength of interactions are
also highly dependent on the acid site location. In reality,
zeolites exhibit diverse distributions of acid sites located across
many T-sites, which are strongly dependent on the synthesis
conditions.” Hence, different lignin derivatives adsorbed to
BASs in varying locations throughout the zeolite frameworks
will form H-bonds of many different strengths,* and potentially
even form adsorbate-adsorbate interactions at higher loadings.
A 6-MR bonding configuration, where molecular shape allows,
has been highlighted as a generally more favourable configu-
ration for monocyclic aromatics containing a hydroxy group,
when adsorbed onto zeolite BASs.

3.3 Comparison of experimental and theoretical vibrational
spectra

Phonon calculations were carried out to generate modelled
vibrational spectra for direct comparison to the experimental
INS spectra observed in Section 3.1. Here, the overtones have
been removed to simplify the spectra. Generally, close agree-
ment between the INS and corresponding simulated spectra
was observed as shown for p-cresol, anisole and guaiacol in H-
ZSM-5 (Fig. 10). Modelled spectra for all derivatives across all
zeolites (in comparison with their experimental counterparts)
are shown in Fig. S18-S22.f Close agreement between the
simulated and experimental spectra of the pure compounds was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Simulated spectra of p-cresol, anisole and guaiacol in H-ZSM-
5 (dashed lines) and the corresponding experimental INS spectra (solid
lines).

also achieved as shown in Fig. S12-5S16,} (no crystal structure
was available for guaiacol, so the modelled spectrum of a single
molecule was employed). Using all the available spectra, we
compared the relative positions and amplitudes of the simu-
lated and experimental spectra to provide the most likely peak
assignment for each mode between 200-1200 cm ", listed in
Tables S4-S81 and discussed in Sections 3.1, S3.1 and S3.2.}
Assigning peaks below 200 cm ™" proved challenging owing to
the extraordinarily weak forces driving low-frequency dynamics,
rendering accurate reproduction difficult without employing
higher accuracy methods® deemed unnecessary here.

A phonon calculation of each single-molecule generally
provides a good description of the experimental spectra of the
pure compounds (Fig. S12-S161). However, the single-molecule
calculations consistently show shifts to higher wavenumbers.
As discussed in Section 3.1, higher energy vibrations occur in
solid-state environments because the vibrational modes are
constrained by steric effects, intermolecular adsorbate-adsor-
bate interactions and the prevalence of H-bonding (recently
shown for vibrations of confined versus bulk water®). Addi-
tionally, the single molecule spectrum of each cresol isomer
displays a strong peak attributed to the hydroxy bend at
390 cm™* (shown in Fig. S12-S14t), with a similar such mode at
498 cm " in the case of guaiacol (shown in Fig. S167). These
peaks are not present in the experimental or simulated crystal
spectra. We can attribute the disappearance of this mode to the
strong directionality of the adsorbate-adsorbate H-bonding
through the hydroxy group. As expected, the full crystal calcu-
lations typically provide a better experimental fit of the vibra-
tional spectra, particularly at lower frequencies, which are
affected more by collective motions and the non-local energy
landscape.

A range of red-shifts, intensity losses and peak broadenings
observed in the spectra of each molecule upon adsorption into
each catalyst, observed in the experiment (see Fig. 3 and 4) are
also observed in the modelled spectra, with some of the more
significant cases shown in Fig. 11.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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While the simulated spectra do reproduce a number of red-
shifts when comparing the pure compound modelled spectra to
those of zeolite adsorbed systems, they do not always replicate
the more subtle shifts seen between different zeolite topologies.
This suggests that the differences between zeolites depend less
on the specific BAS-adsorbate H-bonding interactions repro-
duced by the model and more on the bulk properties of the
experimental samples containing higher loadings of derivatives
adsorbed into each zeolite. It is important to note that the
increasing occurrence of adsorbate-adsorbate interactions
allowed in the pores of HY in the experiment could produce
spectra more similar to those of the solid pure compound
samples observed with the INS, as discussed in Section 3.1.

The simulated spectra do reproduce trends in decreasing
peak intensities/peak broadenings for hydroxy and methoxy
bends as zeolite pore size decreases/adsorption energies
increase (shown in Fig. 11), as observed with INS. For the cresol
isomers, where p-cresol is used as an example in Fig. 11(a), the
peak intensity of the OH/ring out-of-plane bend decreases and
broadens as we move from HY to H-Beta to HZSM-5. It is
important to note that this band occurs at a lower wavenumber
in the phonon calculation of the pure compound system
(Fig. S127) due to the extensive directional H-bonding in this
crystalline system.

The simulated spectra also show how methoxy related modes
spread when the adsorbate is dosed into the zeolite due to
changes in the interactions of this group from the pure
compound to within each zeolite. In anisole, the peak high-
lighted in yellow at 554 cm ' in Fig. 11(b) is attributed to
a vibration involving a large methoxy oxygen bend, suggesting
that changes in the peak heights are due to differences in
bonding interactions with the zeolite BASs as opposed to in the
crystal. Other peaks attributed to modes involving methoxy
oxygen motions, such as that at 781 cm ™" for anisole, also show
decreased intensities (see Table S7t). Changes in vibrational
modes due to changes in bonding interactions may be more
apparent with anisole because there are no H-bonds present in
the solid structure, compared to the H-bonds that form with
zeolite BASs. With careful examination of the phonon calcula-
tions of the zeolite adsorbed anisole systems, this 554 cm ™
mode is still present but in much lower proportions and at
a greater number of frequencies, suggesting that the heteroge-
neous nature of the zeolite structure causes some degree of
broadening alongside a decrease in the peak intensity. One
could conclude that the experimental system exhibits even
greater heterogeneity through the presence of many acid site
locations, and would thus smear the vibrational density of
states further, causing it to all but disappear. For guaiacol, the
simulated combined methoxy/hydroxy out-of-plane bend at
515 cm™ ' (also highlighted in yellow) shows a significant loss of
intensity in HY compared to the pure compound. This loss of
intensity is more significant in H-Beta and H-ZSM-5, indicative
of stronger H-bonding to the zeolite framework and the
breaking of adsorbate-adsorbate interactions, which are facili-
tated to a greater degree in the larger pore HY framework.

In general, the decrease in the simulated peak intensities
largely follows the same experimentally observed trend from HY

RSC Sustainability, 2025, 3, 2938-2951 | 2947
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Fig. 11 Simulated spectra of p-cresol, anisole and guaiacol in zeolites HY, H-Beta, and H-ZSM-5 compared to the pure compounds. For (b) and

(c), the bands attributed to the methoxy bend are highlighted in yellow.

to H-Beta to H-ZSM-5, which may suggest that peak intensity
decreases are due to stronger bonding interactions with the
zeolite acid sites, as shown in Section 3.2, as opposed to a large
contribution from a decrease in adsorbate-adsorbate bonding
in smaller-pored zeolites, as this would not be replicated by the
simulations that only model one-to-one bonding. These case
studies of lignin derivative adsorption within different zeolites
highlight how both confinement within zeolites of differing
pore shapes and sizes and the specific bonding interactions that
can occur, subtly influence the nature of the vibrational
dynamics of the adsorbed molecules.

4 Conclusions

In this study, we combined experiment and theory to analyse
and quantify the interactions of the lignin pyrolysis oil deriva-
tives anisole, guaiacol and the three cresol isomers in industrial
samples of zeolite catalysts HY, H-Beta and H-ZSM-5 (Si/Al =
11.5-15) using INS and DFT techniques.

2948 | RSC Sustainability, 2025, 3, 2938-2951

INS spectral bands of each derivative could be accurately
assigned thanks to our DFT phonon calculations, and many
spectral features in the lower energy region (200-1200 cm ™) of
the pure compounds showed significant changes in the form of
peak broadenings and red-shifts upon loading into the zeolite
catalysts. For most lignin derivatives, increased red-shifts were
observed in modes involving H-bonding groups (hydroxy or
methoxy species) or neighbouring groups to these (methoxy/
methyl groups) as the zeolite pore size decreased from HY >
H-Beta > H-ZSM-5. Less shifting in the larger pores of HY
benchmarked against the spectra of the pure compounds, was
attributed to a greater proportion of adsorbate-adsorbate H-
bonding allowed in the larger HY supercages, leading to struc-
tures more similar to the pure (solid/crystalline) compound
which have highly ordered crystal structures and therefore more
restricted bending modes (apart from anisole). Decreases in
relative peak intensities were also observed as zeolite pore size
decreased, particularly for methoxy related bending modes in
anisole and guaiacol. Such intensity decreases with framework

© 2025 The Author(s). Published by the Royal Society of Chemistry
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topology still occurred, but to a lesser extent for the hydroxy
groups of the cresol isomers.

DFT calculated adsorption energies gave values ranging from
—97 to —157 k] mol~". All lignin derivatives gave E,qs values in
the order of HY < H-Beta < H-ZSM-5, increasing in magnitude as
the zeolite pore size decreased. The trend was attributed to the
‘confinement effect’, supported by the increased number of
zeolite-adsorbate short-range interactions as the pore size
decreased. Less variation in E,qs was observed between the
different lignin derivatives compared to the different zeolite
structures. Most derivatives (excluding anisole) favoured an
optimal bonding configuration involving two H-bonds through
a 6-MR structure with the zeolite acid site. Guaiacol in H-ZSM-5
displayed the strongest adsorption, facilitated by the formation
of three H-bonds involving the OH and OMe groups; notably
this orientation could not occur in HY, hence guaiacol showed
the largest gulf in E,qs between larger and smaller pore zeolites.
Among the cresol isomers, o-cresol showed slightly weaker H-
bonding because the ortho methyl group physically hindered
the bonding of its adjacent hydroxy group. Weaker adsorption
was also observed for m-cresol in H-ZSM-5 where the combi-
nation of the local zeolite topography and molecular shape
inhibited the formation of a low energy 6-MR structure. The
observations clearly demonstrated the dependence of the
adsorption strength on the interplay between the zeolite-
adsorbate shape compatibility, short-range H-bonding, and
the longer-range van der Waals interactions able to form
without incurring an energy penalty from short-range
repulsion.

The modelled INS spectra obtained from the DFT simula-
tions closely matched the experimental data, enabling confi-
dent assignment of most vibrational modes between 200-
1200 cm™'. The modelled spectra also revealed consistent
trends in red-shifts, peak broadening, and intensity changes
upon adsorption, with some stronger effects observed in
smaller-pored zeolites, giving an intensity loss trend of H-ZSM-5
> H-Beta > HY. The simulations successfully replicated experi-
mentally observed decreases in peak intensity for hydroxy and
methoxy bending modes with decreasing pore size, corrobo-
rating the relationship between zeolite-adsorbate interactions
and adsorption strength. However, the shifting of vibrational
bands between zeolite topologies was less accurately captured,
indicating a significant contribution from adsorbate-adsorbate
interactions in the experiment, particularly in the larger-pored
HY.

For anisole and guaiacol, vibrational changes directly re-
flected their specific bonding interactions within the zeolites.
Anisole's methoxy bending modes and guaiacol's combined
methoxy/hydroxy out-of-plane bends showed pronounced peak
intensity losses in the smaller-pored zeolites, reflecting the
stronger binding to Bregnsted acid sites. The cresol isomers
exhibited trends such as peak broadening in the hydroxy out-of-
plane bending modes, further highlighting how zeolite topology
influences vibrational dynamics. These findings illustrate the
interplay of confinement effects and direct adsorbate-frame-
work interactions that govern the nuanced vibrational behav-
iour of each lignin derivative along with its adsorption energy.
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In the context of catalysis, this study highlights the impor-
tance of considering both zeolite confinement effects and the
specific hydrogen-bonding interactions of lignin derivatives
with zeolite Bronsted acid sites. These interactions govern the
adsorption strengths and localised vibrational dynamics which
are directly tied to catalytic activity and selectivity. Through
assessing how molecular structure, zeolite topology, and
confinement effects influence the interaction strength of
biomass-derived compounds in industrial zeolite catalysts, this
work has aimed to contribute fundamental insights to the
design of catalysts tailored to lignin valorisation. Improved
understanding of these interactions enables the development of
more selective and efficient microporous catalysts for upgrad-
ing lignin pyrolysis oils—an essential step toward replacing
fossil-derived feedstocks with renewable carbon sources. Such
advances support broader sustainability goals, including
lowering greenhouse gas emissions and increasing the viability
of bio-based chemical production.
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