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Abstract

The condensed structure of technical lignin presents significant challenges in converting it into
valuable functionalized building blocks, such as single-ring aromatics. In this study, we explored how
palladium-based catalysts influence the selectivity of monoaromatics during the fast pyrolysis
depolymerization of lignin. A systematic study on the influence of the pyrolysis temperature (500 <
T < 700 °C) and catalyst support nature (SiO», Al,O3 and Carbon) was carried out by analytical
pyrolysis. Creosol and guaiacol were the predominant species after non-catalytic and Pd/SiO;
catalyzed pyrolysis of Kraft lignin. However, when Pd/C and Pd/Al,O3 were applied, the selectivity
to monoaromatics increased drastically, to 50.9% and 34.4%, respectively. The catalytic activity of
Pd/C and Pd/Al,O; was ascribed to the presence of medium and weak acid sites in the supports, which
provides active sites for phenolics adsorption and deoxygenation. Additionally, metallic Pd sites
activated the C-O and H, bonds to further assist deoxygenation reactions, thus inducing a
bifunctionality to these materials. This study offers valuable insights into the bifunctional effects of
supported catalyst during the thermo-catalytic depolymerization of lignin.
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1. Introduction

The fast development of the world's population has increased the demand for fuels and chemicals,
posing substantial environmental, social, and economic issues. In recent years, significant efforts have
focused on creating technologies and methods that use non-edible biomass to produce valuable
chemical compounds, aligning with the United Nations' Sustainable Development Goals [1].

In such circumstances, lignin, one of the three principal components of lignocellulosic biomass, has
received a lot of interest for its potential as a platform for creating chemical building blocks [2]. The
global production of technical lignin is approximately 100 million metric tons per year, making it one

of the most readily available feedstocks for the synthesis of biofuels and biochemicals [3].



Nonetheless, only around 2% of technical lignin is commercially used for low-value goods, with the
rest used as low-grade fuel in heat and power plants, often to power pulp mills [4,5].

Technical lignin is generated as a byproduct during the delignification process of lignocellulosic
biomass in paper manufacturing facilities. The structure and properties of technical lignin are
influenced by the biomass source and extraction methods employed. Consequently, various types of
technical lignin can be produced based on the delignification process utilized, including Kraft,
Lignosulfonate, Organosolv, and Soda, among others [6].

Kraft lignin represents the predominant form of lignin extracted in the paper industry, comprising
approximately 85% of the total lignin extraction process. The Kraft process entails the
depolymerization of lignin in alkaline conditions, utilizing Na,S and NaOH. This process generally
requires heating the material for a duration of up to 1 hour at temperatures ranging from 170 to 180
°C. The process leads to the production of a solution referred to as black liquor, from which kraft
lignin is extracted following its precipitation through acidification [7].

Lignin is a phenolic biopolymer composed of phenyl propane units, specifically guaiacyl alcohol (G),
syringyl alcohol (S), and 4-hydroxyphenyl alcohol (H), in a complicated 3D structure [8]. Given its
aromatic structure, lignin is a desirable feedstock for the manufacture of chemicals and fuels with a
variety of applications. However, because of the high degree of condensation in technical lignin, its
value is severely limited. Various conversion strategies have been investigated for converting raw
technical lignin into useful chemicals and fuels. Among other approaches, depolymerization of lignin
via oxidation, hydrotreating, solvolysis, and pyrolysis has received a lot of interest.

Pyrolysis has proven to be an effective approach for breaking down lignin's complicated 3D structure
into smaller subunits. In fast pyrolysis, lignin is rapidly heated at temperatures between 450 - 800 °C
in the absence of oxygen, producing bio-oil, char, and light gasses [9—11]. The composition of bio-
oil varies depending on the type of lignin used and the treatment conditions, but it often contains high
levels of phenolics (with selectivity ranging from 60 to 80%) as well as other organic oxygenated
compounds such aldehydes, ketones, and carboxylic acids [12,13]. However, fast pyrolysis of lignin
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has low selectivity for aromatics. In fact, the bio-oils generated are multicomponent mixtures with
limited thermal and chemical stability [9,14]. The specialized generation of customized chemicals
can be done by selecting appropriate catalysts [15,16].

Catalytic fast pyrolysis is an excellent method for improving the quality and stability of bio-oils [17].
Typically, the catalytic upgrading of lignin bio-oils necessitates the activation of C-O groups and H»
on the catalyst surface [10]. As a result, this process is often carried out at high temperatures and high
hydrogen pressures, converting phenol-rich bio-oils into alicyclic and aromatic hydrocarbons [18].
The majority of investigations in this field have concentrated on the utilization of zeolite systems
such as H-ZSM-5, H-MCM-41, H-beta, mordenite, ferrierite, and H-USY, as well as metal salts and
metal oxides [9,15]. Nonetheless, zeolite-based systems are susceptible to deactivation due to carbon
deposition during the catalytic cracking of pyrolysis gasses. Furthermore, the presence of water
deactivates the catalyst by dealumination or by tailoring the nature of acid sites. As a result, some
authors have recommended using metal-supported catalysts to improve deoxygenation, focusing on
noble-metal catalysts (such as Pd, Pt, Rh, and Ru) that are distinguished by their ability to activate
and dissociate H» on their surfaces [19]. In addition to the features of the metal site, the kind of support
has a considerable impact on the activity and selectivity of the catalysts. The surface properties of the
support, in particular, specific area, acid density, nature of acid sites, can tailor the catalyst's
performance by creating new active sites in the vicinities of the metal via strong metal-support
interactions (SMSI), generating new Lewis' sites with hydrogen spill-over capacity, and so on [20,21].
Teles et al., [59] investigated the efficacy of Pd-based catalysts for HDO of lignin model compounds
(phenol, m-cresol, anisole, and guaiacol) in the vapor phase at 573 K. The authors demonstrated that
the activity and selectivity for deoxygenated products are substantially correlated with the support
characteristics regardless of the model molecule. Thus, benzene and toluene were the leading products
of the Nb-supported catalysts, whereas cyclohexanone and methylcyclohexanone were the primary
molecules produced on Pd/SiO,. It has also been established that HDO can create benzene and toluene

from bio-oil-related platform molecules (benzaldehyde, benzyl alcohol, phenyl acetate, and anisole)
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via catalysts including Pt and Pd supported on Al,Os [22]. More recently, Kim et al. [23] employed
Ru, Pd, and Ru-Re supported in activated carbon to deoxygenate Kraft lignin pyrolysis byproducts,
yielding a hydrocarbon combination suitable for gasoline, jet fuel, and diesel fuels. In that work,
activated carbon outperformed strong acidic supports like H-ZSM-5 and TiO- at deoxygenating lignin
derivatives. These findings were attributable to the poor adsorption of phenolic compounds onto the
carbon support. While the foregoing data show catalytic efficacy, difficulties remain, such as catalyst
deactivation, coke production, and catalysts' reduced capacity to convert the broad variety of
chemicals created by lignin depolymerization into aromatic hydrocarbons. Furthermore, there is a
need to design a stable catalyst capable of selectively removing oxygenated groups from lignin
pyrolysis products while using little or no hydrogen.

Thus, here we study how various supports impact the performance of Pd-based catalysts in converting
Kraft lignin pyrolysis byproducts into valuable monoaromatic hydrocarbons without the presence of
hydrogen. The catalytic performance of palladium nanoparticles for lignin depolymerization at
various temperatures was investigated by supporting them on SiO», Al,O3, and activated carbon. The
selection of Si0O,, Al,Os, and activated carbon as supports was based on their distinct acid nature,
metal-support interactions, and industrial significance. While existing literature has documented
studies on the catalytic conversion of phenolics or lignin model compounds to aromatics, systematic
reports on the influence of catalyst supports on the selective production of monoaromatics from lignin
pyrolysis are scarce.

This study presents the first exploration of the effects of Pd supported on SiO», Al,Os, and activated
carbon on Kraft lignin pyrolysis in the absence of an external hydrogen source. It aims to shed light
on the role of support materials in enhancing the efficiency of noble metal-based catalysts for
converting lignin derivatives into monoaromatics. The findings offer a potential pathway toward

developing sustainable methods for producing aromatic hydrocarbons from renewable resources.



2. Materials and methods

2.1 Lignin characterization

Stora Enso (Helsinki, Finland) kraft lignin was subjected to elemental and proximate analysis using
a Leco CHNS 628 elemental analyzer and a muffle furnace in accordance with ASTM D5373-21 [24]
and ASTM D3172-13 [25] standards. A Netzsch STA 409PC thermal analyzer was used to perform
thermal gravimetric analysis (TGA). The TGA was performed from room temperature to 800 °C using
a N, atmosphere (50 mL min') and a heating rate of 10 °C min~'. Moreover, lignin Fourier
transformed infrared spectroscopy (FTIR) spectra were acquired using a Nicolet is20 (Thermo Fisher,
USA) spectrometer fitted with an attenuated total reflection accessory (Specac Golden Gate ATR,
UK) with a Ge crystal. The investigation covered the Mid-IR spectral range of 4000-600 cm ™!, with
spectra averaged from 32 scans at a resolution of 4 cm ™.

2.2. Catalysts preparation

Pd-based catalysts supported on SiO,, Al,O3 and activated carbon were used to infer the role of the
support properties (bulk acidity, acid site’s nature and textural properties) on the catalytic conversion
of pyrolysis vapors. The Pd/C was obtained from Merck (CAS-87104, Merck Group) in the form of
an oxide (10% Pd). Pd/SiO; and Pd/ALLOs, were prepared by incipient wetness impregnation onto
Si0, (Sigma-Aldrich, CAS-112926-00-8) and Al>Os, (Sigma-Aldrich, CAS-1344-28-1). Incipient
wetness impregnation was carried out with suitable volumes of a PdCl, solution (59% Pd, Sigma-
Aldrich, CAS-7647-10-1) at a pH of about 1.5. Triethanolamine (TEA, >99.0%, Merck Group, CAS-
102-71-6) was utilized to create a uniform distribution of the metal on the supports, following the
procedure outlined by Soled et al. [26]. Next, the catalysts underwent a calcination process for 4 hours
at 500 °C to eliminate any remaining TEA and create oxidized precursors. The precursors were
reduced in a U-shaped quartz reactor with a 6 mm inner diameter under a flow of H; at a rate of 40
mL min’'. The reduction process took place in an electrically controlled tube furnace at a temperature
of 400 °C, with a heating rate of 2 °C min™ and a dwell time of 2 hours. A schematic representation

of the experimental setup for catalyst reduction is shown in Fig. 1.
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Figure 1. Experimental setup for the catalyst reduction process.

2.3. Catalysts characterization

Experiments were conducted at 77 K to investigate the textural properties of catalysts by nitrogen
adsorption on Pd/SiO,, Pd/Al,Os, and Pd/C. The specific surface areas and pore volumes were
determined using the Brunauer—Emmett—Teller (BET) model and Barrett—Joyner—Halenda (BJH)
method, respectively. The isotherms were recorded using a 3Flex instrument (Micromeritics, USA).
The catalyst samples underwent a 24-hour outgassing process at 150 °C under vacuum conditions.
The reducibility of the Pd-based catalysts was investigated by temperature-programmed reduction
(TPR) assays. The experiments were conducted from ambient temperature to 600°C and H, signal
was followed by a thermal conductivity detector (TCD) in an ASAP 2010 apparatus (Micromeritics,
USA). Moreover, bulk acidity of catalysts was quantified by ammonia thermal programmed
desorption (TPD-NH3) in a 3Flex device (Micromeritics, USA) interfaced with a mass spectrometer
(Cirrus 2, MKS Instruments) [27].

An infrared spectroscopic analysis of the adsorption and desorption of pyridine (CsHsN, J.T. Baker,
>99.9%) was conducted to examine the nature of surface acid sites (Lewis or Brensted). The

experiment was performed with catalysts discs (13 mm, 10 mg) placed in an IR flow cell, which had



ZnSe windows and a vacuum system (Pfeiffer Hicube Eco Turbo). The samples underwent outgassing
at a pressure of 0.1 mPa and a temperature of 450 °C, with a heating rate of 5 °C min ™", for a duration
of 10 hours. Next, the spectrum of the clean samples was obtained as a baseline, and the process of
pyridine adsorption was started at a temperature of 150 °C for a duration of 30 minutes. Afterwards,
the process of desorption was conducted at temperatures of 25, 140, 250, and 400 °C for a duration
of 30 minutes each. The IR spectra for each desorption temperature were obtained using a Nicolet
1S50 (ThermoScientific, USA) instrument equipped with an MCT detector. The spectra were taken at
a resolution of 4 cm’!, using 32 scans.

The effective metal content of the catalysts was determined using atomic absorption spectrometry
(AAS) on a Perkin Elmer 3100 apparatus (Perkin Elmer, Manasquan, NJ, USA). Prior to the analysis,
the samples were microwave-digested with 50 mg of catalyst and 10 mL of concentrated HNO3/HCI.
The catalysts were morphologically characterized using transmission electron microscopy (TEM)
with a JEOL JEM 1200 EXII microscope at 120 kV. The TEM images were analyzed using the
software ImageJ to estimate the particle size distribution using the volume-weighted function
proposed by Vannice (eq. (1)) [28]:

n . 4
_ Zjmany Xdy;

dpi = S ——5 (Eq. 1)

Z?:l le X d;]
Further, the metal dispersion supposing a hemispherical particle shape was calculated using Eq. (2).

Vm
D= ° X(am) (Eq. 2)
dp

Where D represent the Pd dispersion, Vi is the volume occupied by an atom in the bulk metal (14.7
A3), am is the area occupied by a surface atom (7.93 A?), and d, is the average particle size obtained
from TEM images.

High resolution images and electron diffraction patterns of the catalysts also were acquired by high-
resolution transmission electron microscopy (HRTEM) using a JEOL JEM-2200FS (JEOL, Japan)

microscope with double aberration correction operated at 200 kV.



X-ray diffraction (XRD) patters of Pd-based catalysts were acquired using a Bruker D4 Endeavour
diffractometer with Cu Ka radiation (A = 0.154 nm) operating at 40 kV and 20 mA. The XRD data
were collected in the range of 20 = 3-90° at a speed of 0.02° s'. The crystalline structure of the
catalysts was determined by a search—match procedure using the Mercury 3.7 software and the
Crystallography Open Database. The particle sizes were calculated by means of the Scherrer equation

(Eq. (3)) [29,30]:

KxA
L = Fcos @ (Eq. 3)

In this equation, L is the crystallite size in nm, K is the crystallite shape factor whose numerical value
0f 0.90 is accepted [30], P is the full width at half maximum (in radians) of the main peak and & is the
Bragg’s angle of diffraction peak measured in radians.

2.4. Lignin catalytic pyrolysis

The lignin catalytic pyrolysis experiments were conducted using a micropyrolysis system (Py-GC-
MS) that included a CDS 5200 Pyroprobe HPR micropyrolyzer (CDS analytical, USA), a Clarus 690
gas chromatograph (Perkin Elmer, USA), and a Clarus SQ-8T MS detector mass spectrometer (Perkin
Elmer, USA). For the experiment, a quartz tube was used to hold the sample, which consisted of 500
ug of Kraft lignin. The tube was packed with quartz wool to ensure the sample remained in place.
Then, catalysts were positioned on either side of the sample to direct the pyrolysis vapors through the
catalyst bed. The pyrolysis assays were conducted at temperatures of 500, 600, and 700 °C in an inert
He atmosphere. The temperature range was selected based on previous literature reports for the same
lignin [31-34]. The heating rate was set at 10 °C ms™' until the pyrolysis temperature was reached,
and this was maintained for a time of 6 s. During the experiment, the pyrolysis products are flushed
out of the reaction zone by a carrier gas (pure He, 99.999% purity from Airliquide-Chile) and trapped
in a Tenax trap until GC analysis. For catalytic experiments, the lignin-to-catalysts mass ratio was set
at 1:5, inspired by previous investigations [35—37]. A detailed illustration of the experimental setup

and methodology is presented in Fig. 2. Preliminary pyrolysis experiments were conducted at 700 °C



to verify the intrinsic activity of the catalyst supports (SiO,, Al,Os3, and C). For these experiments
SiO, (CAS-112926-00-8) and AL,O; (CAS- 1344-28-1) were from Sigma-Aldrich and activated
carbon (CAS- 7440-44-0) was purchased from PhytoTech Labs. The GC oven was set to maintain a
temperature of 45 °C for 1 minute, followed by a gradual increase to 260 °C at a rate of 4 °C per
minute. Helium was utilized as a carrier gas with a flow rate of 50 mL/min. In all the experiments,
the pyrolysis interface and the GC injector were kept at a constant temperature of 280 °C. The
products obtained from pyrolysis were separated using a Perkin Elmer Elite 1701 capillary column,
measuring 30 m x 2.5 um. Compound identification consisted of contrasting the mass spectra (m/z
range of 40-500 Da) with the National institute of standards and technology (NIST) mass spectral
library v2.2 and crosschecking with relevant literature. Experiments were conducted in triplicate to
ensure consistency, and the reported data represents the average of the three tests. Prior to conducting
the experiments, the lignin was subjected to a drying process at 105 °C for 12 hours. The peak area

(i)/mass of the sample was used as a representation of the quantity of the products from pyrolysis.

T (a) Sample preparation | r (b) Pyrolysis ————; — (c) Products analysis ——
% Catalysts
=P Lignin ‘
= A el

" \ L

Catalysts 1Y
[z L o

Lignin Ultra-Microbalance Reactor Heating coil Pyroprobe CDS 5200 Gas Chromatograph
Lignin-to-Catalyst = 5.0 ID: 2 mm Pt Temperature: 400 — 450 °C GC/MS (Clarus 690, QS8. Perkin Elmer)
Mass = 0.5 mg L.:20 mm Time: 12 s Column Elite 1701

M (d) ple preparation ) T (e) Pyrolysis ——————————— (f) Product Analysis ————————

Figure 2. Experimental setups and sequential steps for lignin catalytic pyrolysis experiments.

Modified from Smith et al. [38] with permission of Elsevier.
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3. Results and discussion

3.1. Lignin characterization

The results from the proximate and elemental analysis of Kraft lignin are presented in Table 1. Kraft
lignin exhibits a significant amount of volatile matter and an extremely low ash content. However, a
considerable amount of moisture was detected in the samples during the analysis, even though a pre-
drying step was not performed. According to reports, pyrolysis processes are not suitable for moisture
content exceeding 30% [39,40]. Thus, the lignin samples underwent a 12-hour drying process at 105
°C to eliminate any moisture before conducting the chemical characterization and Py-GC-MS
experiments. The elemental analysis results align with the findings of other Kraft lignin documented
in the literature [41-43], confirming the high relative C content and the presence of S-species. It is
worth noting that sulfur is not naturally found in lignin. However, during Kraft pulping, sulfur is
introduced into the lignin structure in the form of aliphatic thiol, sulfide, and disulfide groups
[4,43,44]. Finally, the nitrogen detected (0.15 %) could potentially be attributed to protein-lignin
associations [45].

FTIR spectra of Kraft lignin (Fig. 3) reveal a prominent and wide absorption band at 3500 cm™,
resulting from the stretching vibration of O-H groups in phenolic and aliphatic hydroxyl groups, along
with residual water content in the sample. Confirmation of the presence of aliphatic chains attached
to aromatic rings was obtained from the absorption peak observed at 2938 cm™!. This signal is
associated with the symmetrical stretching vibration of C-H in aliphatic side chains [46]. The
absorption band at 1708 cm™! is attributed to the stretching vibration of non-conjugated carbonyl
groups, while the peaks observed at 1600 and 1516 cm™! are a result of the stretching vibration of the
benzene ring skeleton and phenolic hydroxyl C—OH, respectively. An absorption band at 1460 cm™!
indicates the deformation of C-H stretching, while a small peak at 1360 cm™' suggests the presence

of phenolic hydroxyl groups.
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Table 1. Results from proximate and elemental analysis of Kraft lignin.

Proximate composition (wt. %) Elemental composition (wt. %)
Moisture 3490 +£0.29 C 65.37+0.15
Fixed carbon” 30.56 £0.16 H 5.63+0.22
Volatile matter” 68.87 £0.44 o 26.63 £0.18
Ash” 0.57+0.02 N 0.14 £0.01
S 1.65+0.02

" Estimated from dry lignin; “O was obtained by difference of C, H, N, S and Ash on dried lignin
samples.

In addition, there are vibrations at 1266 cm™!, 1144 cm™!, 860 cm ™!, and 817 cm! that correspond to
specific guaiacyl units. These vibrations indicate C-O stretching, C-H in-plane deformation, and C-
H out-of-plane vibrations at positions 2, 5, and 6 of the guaiacyl ring, respectively [47,48]. There is
an absorption band at 1215 cm™! that is related to stretching of C-C and C-O bonds, and another peak
at 1035 cm! that corresponds to deformation of aromatic C-H bonds. Based on the FTIR results, it

can be inferred that Kraft lignin primarily comprises guaiacyl units.
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Figure 3. FTIR spectra of Kraft lignin showing the position of major IR signals ascribed to

phenolic, aromatic and aliphatic functional groups.
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The TG/DTG curves of Kraft lignin (Fig. 4) exhibit three significant thermal events (stages) from
room temperature to 800 °C. In stage I, there was a slight weight loss (2%) which was due to the
removal of moisture that was physically bound in lignin [49]. Following that, a secondary and
significant phase took place within the temperature range of 150-500 °C. This phase was marked by
a distinct peak on the derivative of the thermogravimetric curve (DTG), which was centered around
400 °C. This peak, associated to devolatilization and depolymerization of the backbone structure in
lignin results in a 45% weight loss. It involves the breaking of aryl-ether bonds such as B-O-4 and a-
0-4, as well as the separation of short-chain substituents from the aromatic rings. Given the width of
stage 11, it is believed that within this temperature range, various volatile components of different
structures and mass distributions may be released. These components can be seen as potential
candidates for catalytic upgrading [1,44]. In the third stage (500-800 °C), the breakdown of carbon-
carbon bonds in the lignin structure occurs, which are more resistant to thermal degradation. It is
possible that the 10% weight loss observed in this stage is due to the formation of larger molecules
and the bonding of carbon structures in the remaining chars, resulting in the release of CO and CO»
[50]. After the experiment concluded, a solid mixture of biochar and ash accounted for approximately

43% of the original weight of the sample.
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Figure 4. TGA/DTG curves of Kraft lignin. Lignin sample was dried at 105 °C for 24 h prior to the

assay.
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The thermal properties and composition of lignin indicate that thermal depolymerization has the
potential to be a useful method for generating phenolics and monoaromatics from lignin. For optimal
devolatilization of lignin, it is recommended to use a pyrolysis temperature range above 500 °C.
Nevertheless, upgrading of pyrolysis products continues to be a difficult endeavor. One possible
solution to this challenge is to use catalysts that have certain chemical and physical properties.

3.2. Characterization of catalysts for lignin depolymerization

Figures 5a to 5f display the N, adsorption-desorption isotherms and pore size distributions of Pd/SiO»,
Pd/Al,Os, and Pd/C, respectively. The isotherms for Pd/SiO; (Fig. 5a) and Pd/Al,Os (Fig. 5b) exhibit
a type-1V classification as per the IUPAC. In addition, the hysteresis loops closing at p/po= 0.4
indicate an H1 type hysteresis, which is commonly observed in mesoporous materials. The results are
consistent with the pore size distributions, which exhibit narrow bimodal curves centered at 16, 10.5
and 2.8 nm (Fig. 5d-5f). This confirms that the catalysts used are indeed mesoporous materials [51].
Meanwhile, Pd/C exhibited a hysteresis loop of type H3 (p/po = 0.4), which is commonly associated
with capillary condensation in plate-like pores. The isotherm shape confirms the existence of some

micropores, a characteristic often observed in activated carbons [52].

20 20

S]
o

(a) PISiO, (b) Pd/ALO, (Sc} Pd.rIC 632
= 2 catalyst) = m
16| S(catalyst)= 219 m*/g A _ 16| S(eatalyst) =221 m'lg —16 s:suppin)) Cramdy P
S | S(support) =234 mg T | S(Support) =200 m'/g g
g12 3 g 12 g
E 3 E12 oue®
- o 0 n00®
T 8- ¢ ° 8- e
T r o
c / g g s
4 Se0e® 44
f” = 4]
0 T T T T T T 0 T T T T T T . . . . . .
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10
Partial pressure (p/py) Partial pressure (p/py) Partial pressure (p"po}
0.24 - 0.12
(d) Pd/siO, (e) Pd/ALO, 004, (N PUC
| avg. sizealyst = 16.2 nm 0.10 | @va. size (catalyst) = 10.5 nm . avg. size (catalyst) = 2.8 nm
avg. size (support) = 15.8 nm avg. size (support) = 11.5nm avg. size (support) = 2.9 nm
2 016 2 008 A 5 0.031
£ £ i €
2 ] 2 ' L i
K] | g 008 ' \ 3 0.02 'I\
> ' > [ S |
£ 0.08- [ | £ 004 ‘I \ 2 [ |
= [ & [y a 0.01 \
| 0.02 | ! \I
) ! &
Y. —— —
0.00 . bt 000+ T 0.00 v} L{“" T
10 100 1000 10 100 1000 10 100 1000
Pore size (A) Pore size (A) Pore size (A)

Figure 5. N>-physisorption isotherms of a) Pd/SiO»; b) Pd/Al>O; and ¢) Pd/C.
14



In addition, the surface area calculated using BET's model for the Pd/SiO, and Pd/Al,O; catalysts
were found to be similar (Table 2). However, the Pd/C catalyst exhibited a higher surface area, which
aligns with previous findings for activated carbons [53,54]. The surface areas and average pore sizes
of the catalysts align with those measured for the supports, indicating an effective dispersion of the
metallic nanoparticles during synthesis. The minor increase in the Pd/SiO, area compared to that of
the support can be attributed to the heat treatments applied, specifically calcination and reduction,
which may induce a pore opening effect. The surface of the carbon support underwent partial
reduction after the impregnation of Pd nanoparticles, likely due to its narrower pore size compared to
other supports. This suggests that the majority of the particles are effectively dispersed across the
surface of the support.

Table 2. Physical properties of the Pd-based catalysts on three different supports.

Catalyst Surface area Metal content  Particle size  Particle size Dispersion
(m* g™ (Yowt.) (nm)* (nm)® (Y0)
Pd/SiO, 219 9.35 £0.08 8.6 46+1.0 24
Pd/ALLOs 221 8.95 40.6 6.6 3.6+0.7 30
Pd/C 832 9.37 £0.6 5.8 33+1.1 33
Si0O, 234 n.a. n.a. n.a. n.a.
Al O3 200 n.a. n.a. n.a. n.a.
Carbon 1112 n.a. n.a. n.a. n.a.

@ Determined using Scherrer equation (eqn. 1); ® Determined from TEM micrographs using eq. 2.

The Pd content in the catalysts confirmed the effectivity of the synthesis method, and the similarity
in metallic composition for Pd/Si0,, Pd/C and Pd/Al,Os. The values of metal content in Table 2 were
used to determine the lignin-to-catalyst ratio during the pyrolysis experiments.

Given the high surface area and the well-dispersed Pd nanoparticles on the catalyst surface, effective
catalytic performance for the upgrading of pyrolysis vapors can be achieved. The elevated surface

area of catalysts facilitates active sites for species adsorption, whereas the dispersion of Pd
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nanoparticles may enhance reactions involving highly coordinated Pd atoms, such as hydrogenation
of C=0 and C=C. Furthermore, the presence of mesopores enhances the diffusion of molecules into
the catalyst pores, reducing mass transport limitations during catalytic experiments.

The TPR profiles in Figure 6a exhibit intense peaks at low temperatures (<150 °C). There are sharp
peaks observed at 76 °C for Pd/SiO, and Pd/C, which could be due to the reduction of surface PdO
or the conversion of PdO to Pd-B hydrides [55-57]. On the other hand, the wide peaks observed
between 85 — 130 °C indicate the conversion of Pd*" to Pd° [58,59]. Based on the TPR analysis results,
it is possible to achieve a significant amount of zero-valence Pd on the catalyst surface by reducing

Pd/Si0,, Pd/Al;Os, and Pd/C under the same conditions.
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Figure 6. a) Temperature programmed reduction profiles and b) Temperature programmed
desorption of NHj profiles of the Pd-based catalysts.
Fig. 6b displays the assessment of the acidic properties of Pd/SiO», Pd/Al.Os, and Pd/C catalysts using
Temperature-Programmed Desorption (TPD) of NHs. Acidic site strength was determined by
analyzing the temperature at which the NH3 desorption peaks occurred. Typically, desorption peaks
below 250 °C indicated the presence of weak acid sites, while NH3 desorption peaks above 450 °C
were observed for strong acid sites. Peaks observed in the temperature range of 250 to 450 °C were

attributed to medium acid sites [27,60]. Desorption peaks below 250 °C were observed in the TPD

16



analysis for all catalysts, suggesting the existence of weak acidic sites. The Pd/SiO- displayed a low
density of acid sites, which is commonly observed in SiO, supports. On the other hand, Pd/Al,Os
exhibited a strong peak at 280 °C, suggesting the presence of mainly medium acid sites in this
material. Finally, the Pd/C showed a wide peak between 120 — 150 °C, possibly indicating the
existence of weak acid sites.

Based on the TPD-NHjs results, it is evident that the three catalysts have different characteristics and
levels of acidity. These variations could potentially impact the conversion of pyrolytic lignin
derivatives into monoaromatics by providing active sites for adsorption, hydrogen spillover from
metallic sites and via intrinsic activity for cracking, dealkylation and other acid-promoted reactions.
The nature of catalysts' surface acidic sites was examined using pyridine adsorption/desorption and
FTIR spectroscopy. The Pd/SiO, catalyst exhibits two primary peaks at 1446 and 1596 c¢cm',
indicating coordinated pyridine at Lewis acid sites. The Pd/Al,Os catalyst showed peaks at 1493,
1578, 1615, and 1623 cm™!, also indicating pyridine coordination at Lewis sites. The Lewis
sites found in Pd/Al,Os correspond to exposed AI** sites and are characterized as medium (1578-1596
cm!) or high strength acidity (1615-1623 cm ") [61,62]. The FTIR-PyR for these catalysts showed

no signals at 1545 ¢cm™!

, indicating that none of the catalysts have Bronsted acid sites. Finally, the
quantification of the Lewis acidity Pd/SiO; and Pd/Al,O; catalysts, was performed at 140 °C using
Emeis' molar extinction coefficient for the peak at 1446 cm™ (2.22 cm pmol ") [63], while that of
Pd/C was determined by Wu et al [64]. The results confirms that the concentration of Lewis acid sites
was ordered as Pd/AL,O3 (371 pmol g ) > Pd/C (151 pmol geor ') > Pd/SiOz (95 pmol gear V).

TEM images and particle size distribution (PSD) histograms are shown in Figures 7a to 7g for
Pd/SiO,, Pd/Al;O3, and Pd/C catalysts. The TEM images show clear outlines of Pd nanoparticles
evenly distributed on the supports. The dispersion values for Pd in these materials were arranged in
the following order: 24% for Pd/SiO,, 30% for Pd/Al,Os, and 33% for Pd/C. Having a higher
dispersion and smaller particle size can lead to a more robust metal-support interaction, which may

improve the stability and activity of the catalysts when they are used in reactions to produce
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monoaromatics [65]. Furthermore, the consistent dispersion patterns among these materials indicate
that any significant variations in product distribution can be attributed to their acid character rather

than any structural or textural factors.
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Figure 7. TEM images and particle size distribution for: a-b) Pd/SiO,; c¢-d) Pd/Al>Os and f-g) Pd/C.

After reduction, the X-ray diffraction (XRD) patterns of the catalysts (refer to Fig. 8) show the

presence of identical diffraction peaks at specific angles. These angles correspond to the planes of
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metallic Pd with a face-centered cubic (f.c.c) structure. The peaks are observed at 20 = 40.1°, 46.7°,
68.1°, 82.1°, and 86.7°, representing the (111), (200), (220), (311), and (222) planes, respectively.
The existence of these planes was also verified through e-diffraction from HRTEM (inserts in Fig.
8). Just by looking at the HRTEM images, one can easily spot distinct variations in the surface facets
of the Pd nanoparticles. These differences can have a profound effect on the catalysts' performance,
especially in reactions that are sensitive to the structure. For example, the sharp peaks seen in Pd/SiO;
suggest slightly larger Pd particles, than those found for Pd/Al.Os; and Pd/C. The diffractograms of
Pd/Al,O3 and Pd/C show broader peaks, which can be explained by the smaller particle size and better
dispersion of Pd on these supports, which aligns with the findings from TEM analysis. In addition, it
was noticed that the average particle sizes obtained through XRD using the Scherrer equation (refer
to Table 2) were considerably larger compared to those determined from TEM micrographs. These
variations may be due to the increased diffraction broadening caused by imperfections in the crystal
lattice [27]. While there may be some deviations in the values of particle size obtained from TEM,

they are generally considered to be more accurate than those estimated from XRD [66].
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Figure 8. X-ray diffraction patters of a) Pd/SiO»; b) Pd/Al,O3 and c) Pd/C. Standards from the COD
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3.3. Product distribution from catalytic and non-catalytic pyrolysis of Kraft lignin
For this study, we thoroughly investigated how the Pd-support and reaction temperature affect the
products from Kraft lignin fast pyrolysis in an inert atmosphere. Figure 9 illustrates the distribution
of primary products based on their chemical groups resulting from non-catalytic and catalytic
pyrolysis of Kraft lignin at temperatures of 500, 600, and 700 °C. In Fig. 9a, the results of non-
catalytic pyrolysis show that lignin depolymerization took place within the temperature range studied,
producing mainly substituted phenols (83-90%). The lignin-derived phenols are produced when ether
linkages, such as B-O-4 and a-O-4, in the lignin backbone are broken down [67]. In addition, non-
catalytic pyrolysis produced a small amount of monoaromatic hydrocarbons (2 — 7%), such as
benzene and toluene. These aromatics can be formed through various chemical reactions, such as
demethoxylation, dealkylation, or via reductive cleavage reactions. These mostly endothermic
reactions are favored by increase of the temperature as confirmed here by the yield’s trends (green
bars in Figure 7a) [14,68]. Our analysis also detected the presence of oxygenates (non-phenols) and
sulfur- and nitrogen-containing compounds (8 — 10%), which are classified as "others". The initial
observations from lignin pyrolysis confirm the necessity of applying catalytic processes to achieve a

fine tuning of product selectively towards aromatics.
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During the experiment with Pd/SiO; (Fig. 9b), there were no significant changes in the selectivity of
chemical groups compared to non-catalytic pyrolysis. Although metal-SiO, catalysts have shown
efficacy in the hydrodeoxygenation (HDO) of lignin model compounds, at elevated H, pressures [68—
70]; our results indicate that the activity of Pd/SiO, for upgrading pyrolysis vapors is constrained
under H» depleted conditions. This is because several organic molecules, such as alkyl phenols, can
adsorb onto SiO; at the same time. This increases the catalytic surface coverage, thereby reducing the
reaction rate for relevant kinetic steps. This phenomenon may also occur on Al,O3 and carbon, but
these supports have shown intrinsic activity in promoting C-C bond-breaking, -OH activation, and
dealkylations over acid sites (Fig. S2), which could explain their enhanced performance. On the other
hand, despite Pd° sites facilitating the dissociation of Ha generated in situ during pyrolysis, the
existence of Lewis acid sites in Al;O3 and carbon supports adjacent to Pd° would increase the activity
for hydrogenation reactions through H; spillover, a phenomenon not observed with mild acid supports

like Si0,[12, 14, 69].
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Figure 9. Distribution of the main chemical groups identified in the product of non-catalytic and

catalytic lignin pyrolysis. a) non-catalyst, b) Pd/SiO», ¢) Pd/C and d) Pd/Al,Os.

The compositional trends for Pd/C and Pd/Al,Os, presented noticeable differences in the distribution
of primary chemical groups (Fig.7c and 7d). The selectivity towards monoaromatics varied with
temperature, reaching peak values of 67% and 42% at 600 °C for Pd/C and Pd/Al,Os, respectively.
These observations indicate that variations in the support’s nature and concentration of acid sites have
a significant impact on the conversion of primary products from lignin pyrolysis. Remarkably, the
acidity of catalysts reduced the phenol abundance in pyrolysis products in the following decreasing
order: non-catalytic>Pd/SiO,>Pd/C>Pd/Al.Os;. This trend demonstrates a connection between
catalyst supports and product distribution from lignin pyrolysis, but it does not confirm
bifunctionality or a direct correlation with the nature of acid sites. Thus, in the upcoming section, we
will investigate in depth how the nature of the catalyst's support acid sites affects the product
distribution from Kraft lignin catalytic pyrolysis.

3.4. Role of catalyst support in Kraft lignin thermo-catalytic depolymerization

Building upon the first examination outlined in Section 3.3, we investigate the role of support in Pd-
based catalysts in enhancing the production of monoaromatics from the catalytic fast pyrolysis of
lignin. Since phenolics are important in this system because they are the building blocks for aromatics,
we focused our research on these groups to find out how the acid sites in the catalyst support
contributes to their production.

Catalytic fast pyrolysis experiments were conducted using pristine SiO2, Al>Os, and activated carbon,
at 1:5 support-to-lignin ratios. The results demonstrated that activated carbon and Al,Os possess
inherent catalytic activity on the products from depolymerization of lignin (Fig. S2). The product
distribution from support-catalyzed pyrolysis demonstrates that acid sites in the support contributes
to dealkylation and C-C bond scission in phenolics. However, the monoaromatic yield from these

assays was not different from that obtained under non-catalytic conditions, indicating that Pd sites are
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required to promote the conversion of phenolics into aromatics. The inherent activity of supports
indicates that their combination with metal sites, will results in a bifunctional activity promoting
aromatic formation from lignin pyrolysis.

According to our previous observations, catalytic pyrolysis assays were conducted on Pd/SiO,
Pd/Al;O3, and Pd/C at three different temperatures to identify the main products obtained from lignin

depolymerization (Fig. 10a — 10d).
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Figure 10. Relative quantities of majority products obtained from non-catalytic and catalytic lignin
pyrolysis at different temperatures.

The main compounds identified from non-catalytic pyrolysis (Fig. 10a) were methoxylated phenols

such as creosol, guaiacol, and 4-vinylguaiacol. Further, a higher abundance of phenolic compounds

can be observed with increasing pyrolysis temperature, which align with the observations of

Figueiredo et al. and Fan et al. [12,14].
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Conversely, significant differences in product distribution from catalytic pyrolysis were observed
depending on the nature of the support and the temperature.

The product distribution from Pd/SiO, catalyzed pyrolysis was similar to that from non-catalytic
pyrolysis, indicating that Pd nanoparticles on inert supports exhibit limited catalytic activity. Lu et al.
[69] reported high catalytic activity of Pd/SiO, for the hydrogenation of guaiacol. However this
showed limited deoxygenation activity, which was mainly attributed to the low acidity of the support.
Indeed, deoxygenation activity could be enhanced by employing high H, pressures, inducing
bifunctionality through support acid-base properties, or promoting a strong metal support interaction
(SMSD).

The previous hypothesis on the bifunctionality or metal-acid supports for enhancing lignin pyrolysis
is confirmed by inspecting the product distribution for Pd/C and Pd/Al,Os (Fig. 10c and 10d). These
figures show a remarkable shift in the distribution from substituted phenolics to monoaromatics viz.
benzene, toluene and xylene. Apparently, the yield of monoaromatics increased at expense of
phenolics, indicating that deoxygenation reactions are effectively catalyzed over Pd/C and Pd/ALOs.
Figure 8c reveals the presence of phenol and p-cresol in the products of Pd/C catalysis, which is
consistent with previous reports [70]. These compounds may originate from the elimination of the
methoxy moiety of guaiacol and creosol, which exhibited a significant decrease in relative abundance
compared to non-catalytic experiments. Sun et al. [70], demonstrated that Pd/C exhibits significant
activity for demethoxylation and hydrodeoxygenation of guaiacol, which resulted in significant yields
of phenol, and oxygen-free aromatic compounds during vapor-phase catalytic reactions.

In Figure 8d, the abundance of benzene, toluene, and xylene in the presence of Pd/Al,O; is evident,
although their relative quantity was lower than that achieved with Pd/C. Additionally, low abundance
of phenols is observed, indicating that Pd/Al,O; exhibits high catalytic activity for phenols conversion
but lower selectivity to monoaromatics than Pd/C. The outstanding activity of Pd/Al,Os to convert

oxygenated compounds has also been demonstrated by Majhi et al. [71]. In this study, the oxygen
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content of bio-oils obtained from deodar and pine was reduced from 43.64% and 41.58% to 1.98%
and 1.54%, respectively.

For Pd/C and Pd/Al,Os catalyst, the abundance of aromatics (e.g., BTX) at 500 °C, was barely
noticeable. This result is interesting, as we previously confirmed (Fig. 9c and 9d) the selectivity to
aromatics at the same operational conditions was above 40%. This apparent contradiction can be
explained by a low rate of lignin depolymerization and aromatization at this temperature, which could

lead to low yields of pyro-oils while selectivity keeps high [70].

=)

3

@ 4x10° 4

(9]

I

1S

o

Q.

£ 3x10°

(2]

§ 371 umol.g?
®

4 2x1 6 |

g 0 151 umol.g*

)

(8]

c

3 1x10°- .

5 95 umol.g

Q

[

0

‘g 0- .
o Pd/SiO, Pd/C Pd/Al,O4
<

Catalyst

Figure 11. Aromatics abundance from catalytic lignin Kraft pyrolysis at 700 °C and Lewis acid

sites concentration of Pd-based catalysts.

From Fig. 11, a correlation between aromatics abundance and Lewis’s acid sites concentration in the
Pd-based catalysts can be observed, demonstrating the prominent role played by the density of acid
sites in selectivity to monoaromatics. The presence of Lewis acid sites on the supports, particularly
in Pd/C and Pd/ALOs;, provide active sites for phenolics adsorption and their conversion to
monoaromatics via deoxygenation. In Pd/Al,Os, the high concentration of Lewis acid sites, in
addition to deoxygenation, could promote side reactions such as dealkylation, alkylation and

decarbonylation leading to a greater variety of products (Fig. 10d). Furthermore, the acid character
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of the support could offer sites for cracking reactions, resulting in a high yield of light gases and
olefins (not shown here).

The observed catalytic conversion of phenols into monoaromatics over acid catalysts, aligns with
recent findings by Zhang et al. [72], who reported the conversion of phenol and phenol derivatives
from catalytic fast pyrolysis of Kraft lignin to benzene, toluene, and xylene using NbOP and NbO as
catalysts. The authors proposed that direct deoxygenation of lignin take place by both sp? and sp> C—
O cleavage. Moreover, they explain this effect -even in the absence of an external H, source- to
catalyst properties such as strong acidity, ample surface area -especially on the external surface- and

uniform mesopore sizes.
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Figure 12. Putative reaction map, showing the conversion of primary Kraft lignin pyrolysis
products into its observed intermediates and end-products, using no or the mentioned Pd-based

catalysts.

Finally, our results demonstrated that Pd/C and Pd/Al,O; can promote deoxygenation reactions in a

H»-depleted atmosphere via deoxygenation reactions. Moreover, the product distribution also
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suggests that deoxygenation of phenolics and their conversion into aromatics can also take place via
consecutive trans hydrogenation and deoxygenation, both occurring by a bifunctional effect of the Pd
(111) facets and support acid sites. According to these observations, the reaction scheme shown in
Fig.12 was drawn:

The chemical reaction map shown in Fig. 12, is constructed based on the abundance and anticipated
relation between the observed pyrolysis compounds from Fig. 10 and the nature of catalyst support.
During the pyrolysis of Kraft lignin without the use of a catalyst, a significant presence of alkylated
(methoxy) phenols was detected (Fig. 12, orange). Among these, creosol, a type of methoxylated
phenol, was found to be the most abundant. This is consistent with other micropyrolysis studies [70].
By using Pd/Al,O; and Pd/C, several intermediate compounds (shown in blue in Figure 12) are
hypothesized to be formed, ultimately resulting in the products observed in Figure 10. Cresol,
particularly p-cresol, and phenol have been identified as key chemical intermediates in the production
of benzene, toluene, and xylene through catalytic vapor-phase upgrading using Pd/C and Pd/AlL,Os.
However, notable differences in the proportion of these products were obtained from each catalyst.
Phenol and p-cresol were among the major products from the Pd/C catalysis, while they were scarcely
detected when Pd/Al,O3 was used. In addition, appreciable abundance of styrene and ethylbenzene
was also found in the products (data not shown) from lignin catalyzed pyrolysis over Pd/Al>Os, which
can be ascribed to demethoxylation and subsequent hydrogenation of 4-vinylguaiacol, respectively.
This shows that the higher concentration of Lewis acid sites facilitates the occurrence of a greater
variety of reactions on the Pd/Al,O; catalyst. It is worth noting that cresol can be formed through
intramolecular transmethylation and dehydration of guaiacol [73]. Additionally, cresol can be
obtained by demethoxylation of creosol [ 74]. Continued dehydration of cresol results in the formation
of toluene (Fig. 10c and 10d). Phenol is a significant intermediate that can be derived from guaiacol.
It remains abundant when catalyzed with Pd/C (Fig 10c). However, when using a more acidic support
(Pd/Al,Q3), catalytic pyrolysis results in a decrease in phenolics and an increase in toluene. There
may be two possible explanations for this; (i) phenol undergoes a hydrodeoxygenation process to
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produce benzene, which is then further transformed into toluene and xylenes through intermolecular
transalkylations or (ii) p-cresol could be transformed by HDO into toluene.

4. Conclusions

In this study, we investigated the effect of different type of supports (SiO», Al,Os, C) in Pd-based
catalyst for the selective production of monoaromatics via catalytic fast pyrolysis of Kraft lignin in
absence of external hydrogen. From non-catalytic and Pd/SiO, catalyzed experiments, mainly
methoxy phenols (creosol, guaiacol and 4-vinylguaiacol) were obtained, while on Pd/C and Pd/Al,Os
the lignin pyrolysis products were successfully converted into monoaromatic hydrocarbons (benzene,
toluene, and xylene), reaching yields of 50.9 % and 34.4 %, respectively. Utilizing the transalkylation
of phenol, demethoxylation of creosol, and hydrogenation of other OH- containing species are
promoted on Pd/C and Pd/Al,Oj3 catalysts due to the synergistic effect between the metal sites and the
support. Additionally, the pyrolysis temperature plays a significant role in the catalytic cycle, because
it affects the interaction between the initial breakdown of lignin and the subsequent catalytic
upgrading of vapors. Although Pd sites controls hydrogenation processes by activating H», when Pd
is supported on non-acidic materials like SiO», it does not show significant activity in enhancing
monoaromatic selectivity. This finding indicates that the presence of a bifunctional Metal-Support
system is crucial for modulating the selectivity of the products. The results obtained demonstrated
that Pd/C and Pd/Al,O3 are promising catalysts for bio-oil upgrading for the production the valuable
chemicals and biofuel.
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