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Lignin is a promising renewable feedstock for producing aromatic platform chemicals due to its high content of
aromatic structures linked by various chemical bonds. In the pulp industry, lignin occurs in large quantities
dissolved in the black liquor providing a possible feedstock for depolymerization into interesting aromatic
monomers. This work studied the lignin depolymerization process under hydrothermal conditions (Tg = 300 —
350 °C, tg = 0 — 30 min, p = 200 bar), using a black liquor based on eucalyptus wood as feedstock. The aim was to
understand the main reaction pathways of the lignin depolymerization. Experiments were performed in batch
micro autoclaves and the product phases were separated and characterized. The work focused on the principal
aromatic monomers, mainly different forms of catechol. Based on the experimental results a reaction scheme was
set up consisting of the aromatic monomers, lumped groups like oligomers, and gaseous compounds. A kinetic
model was developed, parametrized, and trained, providing adequate results. The calculated kinetic parameters
and the developed reaction scheme were compared with data from literature. In accordance with our model, the
main pathway from lignin to methylated catechols is via 3-methoxycatechol and catechol. Finally, experimental
results of hydrothermal liquefaction (HTL) with softwood black liquor were compared with the calculated yield
curves and showed limited deviations. Hence, this implies that the model, with minor adjustments, can be used
for the HTL of softwood black liquor as the dissolved salts presumably have a significantly greater influence than
the type of wood.

1. Introduction

The impact of the climate change on our planet is steadily increasing
[1]. To mitigate this impact, humankind is required to act. This urgent
need prompted 195 countries to set up the Paris Climate Agreement of
2015 with the aim of keeping global warming below two degrees Celsius
in order to avoid potentially irreversible tipping points being reached in
our environment [2]. The most effective mechanism is viewed as the
reduction of greenhouse gases (GHG), of which carbon dioxide (CO2) is
the most prominent. However, the big challenge is the fact that energy
consumption continues to rise [3], the primary contributor to CO2
emissions, since most of those energy resources are based on fossil fuels.
For example, there has been an increase of approximately 2% between
2022 to 2023 in worldwide primary energy consumption, with the total
in 2023 reaching 619.63 EJ [4]. To achieve an enduring reduction in
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CO2 emissions inevitably entails a reduction in the use of fossil resources
such as coal, crude oil and natural gas. This in turn raises probing
questions, not only for the energy sector but also for the entire chemicals
industry. A reduction specifically of crude oil will ultimately lead to
shortages in the supply chains of these chemicals. A cogent example here
are the aromatic compounds. These play an important role in the
chemicals industry and, consequently, across a broad cross section of the
needs of modern life [5]. Today, the most important group of aromatics
for the synthesis routes is known as the BTX group, an acronym for
benzene, toluene and xylene. These are produced in large quantities in
the crude oil refining process. The global production of BTX was esti-
mated at 128 MT in 2022 [6]. The biggest share is obtained in the cat-
alytic cracking or steam cracking of different naphtha fractions [7]. The
main route for the production of phenol and its derivatives involves the
use of benzene as the main feedstock in the prominent Cumene process
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[8]. Approximately, 11 MT of phenol were produced globally in 2024
with further increases anticipated over the next few yearsi [9]. Most of
the other phenolic compounds such as catechol, the substance upon
which this study focuses, are products of synthesis routes involving the
use of phenol [10]. The targeted products of this process chain are often
specific chemicals that are used in a wide range of applications, from
agriculture to medicine.

The possible reduction in the usage of crude oil drives a parallel need
to provide alternatives for the supply of aromatic compounds. Not only
do new potential renewable feedstocks have to be found, but also new
process routes need to be developed. Different promising feedstocks and
processes are under research or already under development. Examples
include the production of aromatics from bio-based methanol or bio-
based furan derivatives [11-15]. However, in both cases several pro-
cess steps have to be applied to reach the target product. In the methanol
to aromatic route (MtA), biomass must first be converted to synthesis gas
[16,17] from which methanol can then be produced [18-20]. The same
is true of furans, which can be produced using hydrothermal conversion,
to cite just one example [21]. In this case, an additional question arises
as to whether it is even worthwhile converting furan derivatives into
other platform chemicals, as they themselves already have great po-
tential, especially for the polymer industry [22,23]. The main products
of the MtA process are aromatic compounds related to the BTX fraction.

One possible alternative feedstock for the production of aromatics,
especially phenolic compounds, is the biopolymer lignin. This would not
only help to reduce crude oil usage, it would also produce phenolic ar-
omatics directly, without the need for an extra synthesis route starting
from BTX. Lignin occurs naturally in plants and trees and is a part of the
lignocellulose. Depending on the degree of lignification, the proportion
of lignin integrated into the cell walls varies and provides the stability of
the plant or tree [24,25]. Fig. 2 shows a potential segment of a lignin
molecule [26]. The high density of aromatic rings is a particularly
striking feature. With the exception of fossil materials such as coal, this
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is not found in any other raw material that is as prevalent in the natural
world. In the search for possible new and sustainable sources of aro-
matics, lignin is therefore a promising solution. By splitting the bonds
between the aromatic rings, various phenolic compounds or bio-oil can
be produced.

In addition to the interesting characteristics of lignin, there is a
second aspect that demonstrates the great potential for valorization. It is
produced in large quantities as a by-product in the pulp industry,
globally estimated at 50 million tons per year [27]. In the most
commonly used process for pulping wood, the Kraft process, the ligno-
cellulose is separated in to its main constituents under alkaline condi-
tions. While the cellulose is further processed for paper and cardboard
production, hemicellulose and lignin remain in solution together with
the cooking chemicals used, such as sodium sulfide (NayS) or sodium
hydroxide (NaOH). This solution is called black liquor and is thickened
in the recovery boiler to allow chemicals to be recycled after the organic
remnants, such as lignin have been combusted. However, modern pulp
mills generate a large surplus of energy. This energy is typically con-
verted into power and sold [28]. As the price of electricity is generally
subject to considerable fluctuations, the material recycling of lignin also
holds great economic potential. At the same time, the concept of a
biorefinery can be implemented with the involvement of the pulp in-
dustry, in which all material and energy flows based on renewable raw
materials are used as efficiently and sensibly as possible. The biorefinery
based on lignocellulose lends itself very well to this due to the versatility
of the feedstock [29-33]. A current example of an existing biorefinery is
the Adnekoski bioproduct mill operated by Metsd in Adnekoski, Finland.
This plant primarily produces pulp and sawn timber based on wood, as
well as a broad portfolio of other products [34]. Other examples of
biorefineries based on wood are Lenzing in Austria [35] and the bio-
refinery of UPM Biochemicals in Leuna, Germany which is currently
under construction [36]. There are different processes to depolymerize
the lignin molecule, which are depicted in Fig. 2.

Fig. 1. Possible chemical structure of a part of lignin; reproduced with permission from ref. Lange et al. [26]; Copyright 2013 Elsevier.
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Fig. 2. Overview of the described depolymerization processes for lignin depolymerization to aromatics; reproduced with permission from ref. Lange et al. [26];

Copyright 2013 Elsevier.

The processes can be divided into two categories, catalytic and
thermochemical. There are biotechnological approaches based on
lignin-decomposing enzymes such as laccase [37-39] as well as elec-
trocatalytic processes that depolymerize the lignin molecule through the
applied voltage and the electrolyte (homogeneous catalyst) or the
electrode (heterogeneous catalyst) [40-42].In addition, there are also
numerous chemical catalytic approaches with well-known metal cata-
lysts or acids and bases. These are also able to break down specific bonds
in the lignin structure [43-49]. However, the focus for this work is on
HTL, a thermochemical process. In HTL, a pressure of p = 200 — 350 bar
and a temperature in the range of T = 250 — 400 °C are typically applied.
HTL can process a feedstock with over 90 % water content. In fact, water
is necessary for the process as a catalyst, reactant and solvent, as it
undergoes drastic changes in properties under conditions close to the
critical point of water (T, = 374 °C, p. = 221 bar). This leads to an
intensification and acceleration of the depolymerization reactions due to
higher solubility of non-polar compounds and catalytic effects based on
the higher concentration of H" and OH ions [50-52]. This is an
advantage compared to pyrolysis, another thermochemical process and
one that requires an almost dry feedstock and primarily forces
radical-induced cleavage reactions.

For this reason, numerous scientific studies are focusing on gaining a
better understanding of the depolymerization of lignin under typical
HTL conditions. The aim here is to target specific products more pre-
cisely and to elucidate the underlying reaction mechanisms. In many
studies, technical lignin is used as the starting material, dissolved in an
alkaline solution. Potassium or sodium salts are often used for this,
usually in the form of sodium/potassium hydroxides or carbonates
(NaOH, KOH, Na2COs or K2COs). This is because they can also function
as homogeneous catalysts. Different influences on the HTL process were
investigated. For example, Belkheiri et al. investigated the influence of
the sodium-potassium ratio on the yields of various product phases and
on phenolic compounds [53,54]. This investigation revealed that the
solids content in the light oil fraction in particular decreased in response
to an increasing sodium content, while also increasing significantly in
the heavy oil fraction. In the work of Cheng et al. the impact of a
different solvent mixture containing water and ethanol was studied
[55]. Even a pure organic solvent can be used, which is then correctly
called a solvolysis. Forchheim et al. compared in their study the depo-
lymerization of lignin in water and in ethanoll [56,57]. They observed
that both approaches resulted in depolymerization, but that the

aromatics produced differed due to the reaction of ethanol. Another
major challenge in the HTL of lignin is repolymerization. Due to the
large number of functional groups of the resulting monomers, there is a
high probability of repolymerization. To mitigate this, capping agents
such as phenol, boric acid or other substances can be used [54,58-61].
However, this tends to create other products because these capping
agents often bind to the functional groups when mitigating
repolymerization.

The effect of heterogeneous catalysts on depolymerization has also
been investigated in studies. In the work of Forchheim et al., Raney-
Nickel was able to achieve an improved yield of phenol, as hydro-
deoxygenation was accelerated [62]. However, recovering the hetero-
geneous catalyst is a challenge. The studies mentioned so far all have in
common that they work with extracted lignin or model substances. In
order to integrate the HTL as directly as possible into the system, it
makes sense to look at the direct use of black liquor (BL). Not many
studies of direct HTL of BL have been published thus far. A detailed
parametric study was conducted by Harisankar et al., although they did
not use liquid BL directly [63]. Instead, they dried the BL to obtain a
solid, which was then mixed with water. Direct HTL of BL was carried
out by Orebom et al. at temperatures between 340 °C and 410 °C and
residence times ranging from 10 to 120 min, focusing primarily on the
yields of bio-oil and biochar [64]. However, the BL used in this case was
obtained by cooking wood chips using soda pulping, rather than the
sulfur-based Kraft process. As a result, the feedstock was sulfur-free,
which may affect the depolymerization behavior of lignin.

In order to show how useful the HTL of BL is for the production of
aromatics, we have investigated this in detail in a previous study [65].
We were able to show that catechol in particular is the main product
among the aromatics, while methylated catechols are also strongly
represented. At the same time, we found that the same reactions
observable at monomers take place at the oligomers and that a large
proportion of the carbon ends up in the solid under the conditions
investigated. Overall, these results improved our understanding of the
lignin depolymerization reaction network happening in the HTL of BL.

Kinetic modeling is a powerful tool for better understanding the in-
fluence of process parameters in the chemical process, and delivers
benefits when scaling up and optimizing such a process. Forchheim et al.
and Gasson et al. jointly developed a model for solvolysis with ethanol
and HTL using water based on extracted lignin as the feedstock [56,57].
In the work of Jayathilake et al. a numerical shrinking-core model was
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developed for lignocellulose under HTL conditions [66]. However, only
hydrolysis reactions were considered. While this type of depolymeriza-
tion reaction predominantly takes place in the lower temperature
regime, radical reactions such as those that also take place during py-
rolysis become dominant at higher temperatures. Yong and Matsumura
were able to show this in their kinetic analysis using guaiacol as a model
substance [67,68].

Overall, there are only a few models that consistently describe the
depolymerization of lignin. And, to the best of our knowledge, there is
no model available in literature that was developed for HTL of BL.
Therefore, in this work we developed a model based on the experimental
data of our previous study [65] This model focuses on the aromatic
compounds, especially the methylated ones which are highly prevalent
in the investigated temperature range. A model of this kind can be used
as the basis for future works in this field and also going to be used for a
possible scale-up of HTL processes.

2. Material and methods
2.1. Experimental part

2.1.1. Feedstock

The black liquor used was produced at the Figueira da Foz pulp mill
in Portugal and supplied by the Navigator Company. The species of
wood used for the Kraft process is Eucalyptus globulus. Accordingly, it
belongs to the hardwoods with a distribution of syringyl to guaiacyl
groups (S/G) of 70:30 [69]. The black, malodorous liquid has a homo-
geneous character, indicating that all substances, whether biomass or
salts, are dissolved in the strongly alkaline solution. The most important
properties are listed in Table 1. Table 2 lists the elemental composition.
All yields of the products were calculated based on Wgy, burnables
assuming that the burnable fraction is approximately equal to the
organic fraction (see Cardoso et al. [69]). The BL was dried at 105 °C and
afterwards burned at 815 °C. Minor differences may arise due to the
change in ash composition caused by combustion and the associated
oxidation reactions. For the kinetic model we assumed that the burnable
fraction consists only lignin to simplify the model even if in reality other
wood residues are part of it. Data from Cardoso et al shows that lignin is
the most abundant compound of the dried BL with a concentration
higher than 40 wt. %, which is a bit lower than our assumed lignin
content 57.9 wt. % equal to the measured organic matter content in
dried BL.

2.1.2. Batch experiment setup and product separation

All batch experiments were conducted in micro autoclaves made of
stainless steel 1.4571(316Ti), manufactured in the institute workshop.
These autoclaves have a volume of Vg = 25 mL. A specially designed
micro-autoclave station was used for opening, filling and closing (see SI
Figure S1). It is connected to a nitrogen source to provide an inert at-
mosphere. After opening, gas samples can be transferred to a gas trap
which can be accessed via a septum. The filling level of black liquor is
adapted to suit the density of the water at the corresponding reaction
temperatures investigated. For all experiments in this study, the fill level
of BL was set to Vi, = 15 mL. This ensures a pressure of approximately
200 bar during the process. The temperatures investigated were Tg =

Table 1
Properties of the BL used in the experiments Wgy, burnable calculated from the loss
on ignition corrected from the dry matter.

Dry Ash content  Dry Raw BL- Density pg; PH
matter Wash. 815 -C matter- based
Wer based loss burnable
on matter wgy,
ignition burnable
14.5 wt 6.1 wt% 57.9 wt% 8.4 wt% 1.0725kg*L™!  >12.5

%
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Table 2

Elemental composition of the dry mass of the BL; analysis performed via
elemental analysis (EA) and inductively coupled plasma - optical emission
spectrometry (ICP-OES); oxygen calculated via difference, no other element
was detected in relevant amounts.

Element symbol Mass fraction dry mass BL / wt%

C (EA) 34+ 0.4
H (EA) 3.4+05
N (EA) <0.1

S (EA) 4.7 £0.1
O (Diff.) 38.8

Na (ICP) 17.7 £ 0.9
K (ICP) 1.3 +0.06
Sum 100

300 °C, 325 °C and 350 °C, with several holding times tg = 0 — 30 min. In
addition to the holding times, a heating time of t, = 10 min in the flu-
idized sand bath (SBL 2, Techne, Stone, UK) was set beforehand. The
temperature during the heating process at 300 and 350 °C was moni-
tored and is shown in the supplementary information (see Figure S2). At
the end of the holding time, the autoclaves were quenched in a water
bath to prevent subsequent reactions as quickly as possible. The reactors
in the micro-autoclave station were then opened and the product phases
were separated in accordance with Fig. 3 as described in the previous
work [65]. Since no phase separation occurred in the liquid phase after
vacuum filtration, a liquid-liquid extraction (LLE) with the non-polar
solvent ethyl acetate was necessary. Acidification of the sample with
6M HCI before adding the extraction solvent was essential. This is
because phenolic compounds were present predominantly in ionic form
due to their strong alkalinity. Consequently, they are readily soluble in
water.

2.1.3. Analytic procedure

The total organic carbon (TOC) and total inorganic carbon (TIC)
concentration in the liquid product phase before LLE was measured
using a Dimatoc 2100 (Dimatec Analysentechnik GmbH, Essen, Germany).
The gas phase was transferred from the gas trap of the microautoclave
station to a gas chromatograph (GC 6890, Hewlett-Packard, now Agi-
lent, Santa Clara, CA, USA; columns Hayesep Q, Molsieve 5A, Restek,
Bellefonte, PA, USA) using a gas-tight syringe. The samples were injec-
ted at 280 °C splitless mode, with 31.77 mL/min Helium as carrier gas
flow. The temperature program in the oven started at 60 °C for 1 min,
rising to 200 °C at a rate of 20 °C/min. The final temperature was then
held for a further 17 min. The quantified compounds were calibrated
beforehand with a calibration gas mixture. Various permanent gases and
hydrocarbons were quantified using a flame ionization detector and a
thermal conductivity detector (see Table S2 in SI). The gases containing
carbon also contributed to the C-balance (see SI). To complete the car-
bon mass balance an elemental analysis (EA) (Vario EL Cube, Elementar
Analysentechnik GmbH, Hanau, Germany) was conducted to analyze
the dried solid.

The yields for the gases and the solid were calculated with Eq. (1)
based on the the gas masses m. ¢ from equation S4 and the weighted solid
phase m; after drying at 105 °C.

Vim0 ®
WBL burnableemeeq

Gas chromatography-mass spectrometry (GC-MS; GC 6890N
coupled with a 5973 MSD, Agilent, Santa Clara, CA, USA) and gas
chromatography with flame ionization detection (GC-FID; GC 7820A,
Agilent, Santa Clara, CA, USA) were employed for analysis of the organic
phase after LLE to quantify the yield of aromatics. In both systems,
separations were carried out using an RTX-5 capillary column (30 m x
0.32 mm x 0.5 um, Restek, Bellefonte, PA, USA). For GC-MS measure-
ments, samples were injected at 280 °C in splitless mode. Helium was
used as the carrier gas at a flow rate of 1.5 ml min™. The oven
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Fig. 3. Procedure for HTL product sample separation and analysis with legend, Sample/EtAc ratio for extraction was 1:2.5.

temperature program began at 35 °C with a 5 min hold, followed by
heating to 240 °C at 8 °C min' and a final hold of 10 min. The mass
spectrometer was operated in electron impact ionization mode at 70 eV,
with the ion source maintained at 230 °C and the quadrupole at 150 °C.
A solvent delay of 4.5 min was applied prior to data acquisition, after
which spectra were recorded across a mass range of m/z 35-350 at a
scan rate of 4.5 scans s™'. For GC-FID analysis, samples were injected at
280 °C using a split ratio of 1:50. Helium served as the carrier gas at a
flow rate of 1.2 ml min™'. The oven temperature was initially held at 50
°C for 2 min, then increased to 190 °C at 8 °C min™!, followed by a second
ramp to 230 °C at 20 °C min™* and a final hold of 5 min. All quantified
compounds were calibrated beforehand with a five-point calibration
covering the range of potential peak heights for each compound. Pen-
tadecane was used as an internal standard for the GC-FID. Eq. (2) was
used to calculate the concentration of aromatics in the first step. The
measured concentration of substance i(f, .,,,) was multiplied by three
factors a — ¢, which stand for the total dilution (ethyl acetate and used
hydrochloric acid for acidification), the sample volume/EtAc volume
ratio and the internal standard (ISTD) factor. The quotient K; represents
the distribution coefficient of the respective compound i in the applied
extraction. These were determined in advance and can be found in
Table 54 in the SI. The yield Y; ¢, could then be calculated using the real
concentration f; of acomponent i in the entire liquid sample (see Eq. (3))

7ﬂi,raw.a.b.c

b K [mge Lil} 2
S L4 mliq prod

Yi~5XP = Wl:;i’;umahle ® Mieed [mg ® gil] 3
ee

PBL

In order to semi-quantify the possible di- and trimethylcatechols, the
ratio of peak area to concentration of the other catechols was deter-
mined and transferred to the peak areas of the other substances to be
quantified. Quantification by calibrating the GC with the pure di- and
trimethylcatechols was not possible as these are not available.

2.2. Kinetic modelling

The reaction scheme from Worner et al. [65] was used as a basis for
the kinetic model. The reaction scheme was changed in some parts. A
step-by-step methylation of the catechol was added and guaiacol and
syringol were eliminated. This was because the concentrations
measured were too low. Also, they were only detectable at temperatures

below Tgr = 300 °C. The H+ ion which is needed for demethoxylation
was changed to water for sufficient stoichiometry. The model consists of
n = 13 different components i and, in its initial form, it considersj =13
reaction steps. The model represents the depolymerization of lignin,
even if it was not used directly, instead getting dissolved in the black
liquor as feedstock. The mass of lignin was set at an equal level to the
organic matter in the black liquor wpy, pymaple for simplification, since the
aim of the model is to describe the lignin depolymerization under the
given conditions. The influence of hemicellulose or other organic mol-
ecules in the black liquor was not taken into account. The focus of the
model is primarily on the reactions involving the aromatic compounds
around the catechol. The reaction scheme from the previous work was
adjusted at some points (see Fig. 4). The intermediates syringol and
guaiacol were not considered because their measured yields in the
parameter range investigated were extremely low, making it possible to
reduce the level of complexity. What remained was the compound
3-methoxycatechol. This occurs in the previous study as a specific in-
termediate in hardwood sources and is formed directly from syringol.
Since the BL used was also produced from hardwood, this route is the
most relevant for catechol production. In addition, the intermediate
oligomers (OL_int) were introduced, since it is unlikely that phenolic
monomer compounds are formed directly from the lignin molecule. This
model does not include the influence of changing water properties nor
does it include the potential catalytic effects of the dissolved salts like
carbonates, hydroxides and sulfides and produced organo-sulfur prod-
ucts like dimethyl sulfide [70]. The reaction pathways of lignin under
hydrothermal conditions itself are not clear yet in relation to
state-of-the-art standards. Accordingly, these need to be investigated
prior to additional effects like the mentioned ones.

The depolymerization and the reactions on the catechols are driven
by hydrolysis and radical-induced reactions. Various studies served as
the basis for the different reaction steps, from which hypotheses were
derived for this work [67,68,71,72-74]. The reaction of 3-methoxycate-
chol to catechol (R6) is presumably dominated by radical-driven re-
actions (see Fig. 5). The overall reaction is proposed in different
pathways. In Fig. 5a), methanol is released, especially at lower tem-
peratures, but we were unable to quantify this. Therefore, consideration
is given to the combined reactions of methanol formation with methanol
reforming to CO and H as a global side reaction (R10 and R11). Higher
temperatures should elevate the methanol reforming anyway, which
would support our assumption [75]. In Fig. 5b), a direct radical split in
the methoxy group is shown, which we consider to be one of the main
pathways. Ionic reactions are also possible, for example a nucleophilic
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Fig. 5. Overview of hypothetical reaction pathways for the step from 3-methoxycatechol to catechol based on observations and studies from Yong and Matsumura
[67,68] and Wahyudiono et al. [71,72,76]. a) Reaction considered in the kinetic modeling, with direct conversion of methanol to carbon dioxide and hydrogen; b)
Potential direct conversion of 3-methoxycatechol to catechol based on radical forming and interactions. The radical is converted to methanol afterwards, which is

directly reformed as mentioned in description for a).

aromatic substitution which can transform the methoxy group into a
hydroxy group, which is a common theory for guaiacol to catechol re-
actions [72]. The following hydrodeoxygenation or hydrolysis reactions
can reduce the number of hydroxy groups attached to the ring. Since we
could detect pyrogallol (3 hydroxy groups attached) and other aromatics
with three oxygen-containing functional groups only in traces compared
to 3-Methoxycatechol we assume that the radical reactions are domi-
nant. Fig. 6 illustrates the subsequent methylation of the catechol,
probably by methyl radicals. Since radicals and their concentrations
cannot be detected during the process, the intermediate oligomers
(OL_int) are taken as methyl donors, as the methyl radicals can arise
from all alkyl radicals on the molecules.

The subsequent reaction steps are the repolymerization reactions of
the molecules, represented in the model by the repolymerization of
methylcatechols (R12) and dimethylcatechols (R13), as well as the
complete degradation of catechols (R10) and methylcatechols (R11) to
gas products, since the yield decrease of aromatics cannot be explained
by repolymerization alone. Fixed oligomers (OL_fixed) and other hy-
drocarbons produced were summarized in a group and calculated using

the difference of all yields starting from 100 %. SEC analysis in a pre-
vious study shows that there are some larger molecules which are not
represented quantitatively in one of the used analysis methods. The
same goes for other hydrocarbons in the aqueous phase like alcohols and
acids [65]. These are represented with the OL_fixed lump in the model.
We assume that Hy, CO9, CHy4 are only present in the gas phase. The
presence of other volatile compounds is negligible, as the carbon mass
balance shows. In addition, this model focused primarily on the aro-
matic compounds in the liquid phase product. Water can be present in
the liquid phase as well as in the gas phase. All other compounds are
assumed to be present in the liquid phase. Therefore, all reactions were
considered to take place only in the liquid phase. All reactions which a
part of the kinetic model are listed in Table 3.

The reaction rates (r;) were calculated considering first order reac-
tion in relation to the reactants (see Table 4). Here, k; is the reaction
constant of reaction j (h’l) and p; is the mass concentration of speciesiin
the liquid (kg-m~3), calculated as follows:

_ Myjig

p=y lkem?] @




M. Worner et al.

— > © o OH
OCHj,4 ()
OH OH
CH,
RH R
OH OH
OH OH

Fig. 6. A possible source of methyl radicals from a methoxy group with the
following radical driven methylation of a catechol molecule; This reaction step
is implemented as R7 and adapted for R8 and R9.

Table 3
Overview of all reactions in the kinetic model.
Reaction N° Reaction
(R1) Lignin — Oligomers fixed (OL_fixed) /miscellaneous CH
(R2) Lignin — Solids
(R3) Lignin — Intermediate oligomers (OL_int)
(R4) OL_int — 3-Methoxycatechol
(R5) OL_int — Catechol
(R6) 3-Methoxycatechol + H20 — Catechol + CO, + 2 Hy
(R7) Catechol + CHj3- (from OL_int) — Methylcatechol + H,
(R8) Methylcatechol + CHz- (from OL_int) — Dimethylcatechol + H,
(R9) Dimethylcatechol + CHz- (from OL_int) — Trimethylcatechol + Hy
(R10) Catechol + 4 H,O — 3 CO, + 3 CH4 + 5 Hy
(R11) Methylcatechol + 6 H,O — 4 CO, + 3 CHy + 4 Hy
(R12) Methylcatechol — Solids + Hz + H;0
(R13) Dimethylcatechol — Solids + Hy + Ho0
Table 4
Reaction rate equations for all 13 reactions in the kinetic
model.
Reaction rate equation Reaction N°
r =kyep; (R1)
ry =kyep; (R2)
rs =ksep, (R3)
re =kgop, (R4)
rs =ksep, (R5)
Te = ke ®p3 0 pig (R6)
r7 =k ep,ep, (R7)
rg =kg e psep, (R8)
ro =ko ® pg ®p, (R9)
rio =kio ®p4 @ pyg (R10)
ri =kii e ps epyg (R11)
ri2 =kiz eps (R12)
ris =kiz e pg (R13)

where m; i is the mass of component i in the liquid phase (kg) and V; is
the volume of the liquid set to 15 mL. We used mass concentration since
we do not have absolute molar masses for lignin and oligomers.

The reaction constants were calculated using a modified Arrhenius
equation (see Eq. (5)): with Trer = 325 °C. Here, A; (unitless) and E,
(kJ -mol’l) are the kinetic parameters and Ty is used in Kelvin.
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Ejj (1 1
kj:exp( j—%<T—R—Tref>> [h] 5)

Since all chemical reactions are assumed to occur exclusively in the
liquid phase, which contains the overwhelming majority of the system
mass and is dominated by water, the gas phase acts solely as a non-
reactive pressure boundary. The gas phase consists only of water
vapor and small amounts of non-condensable gases. Furthermore, its
total amount of substance is negligible compared to that of the liquid
phase. Consequently, gas-phase non-idealities do not influence reaction
kinetics or mass balances, and the ideal gas law provides a sufficient
description of the gas phase. The total pressure in the gas phase was
therefore specified by the vapor pressure of water p,n,o which was
calculated using the Antoine equation [77] (see Eq. (6)). Owing to the
very high water content of the liquid phase, the activity of water remains
close to unity, and the presence of non-volatile organic compounds has a
negligible effect on the vapor pressure. Thus, the vapor pressure of pure
water was used.

1810,94

8.14019-7 ~o8'c65 [bar] ©

Pv,0 = 0,00133322 ¢ 10

The total amount of substance in the gas phase ng;«: can be calcu-
lated using the ideal gas law (see Eq. (7)). The volume of the gas phase
was calculated as follows with Vg = Vz — V;, with reactor volume Vi =
25mlL and Tg is used in Kelvin:

VG ep vap

Ngas tor = Re TR [mOl] (7)

The proportion of gaseous water in the total amount of substance is
calculated from the difference between the total amount of gases and the
individual gas components with the exception of water (see Eq. (8)).
m;

TH,0.gas = Mgastot — Z [mol] (8)

i=H,,CH4,C05" ' L
The amount of water in the liquid phase is then:
My, 0iq = MH,0.00tal — NH,0.gas ® M, 0 )

In the next step the component mass balances in the autoclave are
applied to set the differential equations for each compound:
dm

d—;:vL.Xj:qu.rj 10

Here, SC;; is a stoichiometric factor in mass units. A total of 13 differ-
ential equations (see Table 5) are used in the model. The equations were
integrated with the built-in function ode45 from Matlab, with absolute
tolerance set to 10~® and relative tolerance set to 103,

The kinetic parameters of each reaction A; and E,; were estimated
via minimization of the sum of squared errors. Eq. (11) shows the
objective function f(k) of which the minimum is determined numeri-
cally. q is the number of experiments [ considered, w;; is a specific
weighting factor for each data point (see Table S5 in SI) and m;j e, and.
m; cale are the experimentally measured and calculated masses. Because
the focus are the aromatics, the weights in the objective function are
heavier for these compounds.

9. 4 R— 2
min(f(k)):ZZwi.z<7m“l'e"" '""“““(k)) an

i3 =1 M exp

Not all components were considered in the optimization function.
Lignin was fully converted, the intermediate oligomers could not be
measured, nor could water (the concentration variation of which is also
minimal). Furthermore, the focus of the model were the aromatics and
not the gas products. Therefore, only components 3 to 9 were considered
in the optimization function. The described model was implemented in
MATLAB 2024A (version 24.1.0). The objective function was optimized
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Table 5
Differential equation for each of the 13 reaction compounds which are part of the kinetic model.

Compound number Differential equation

1 (Lignin) d;r;l — Vy# (—(r1 472 175))

2 (OL.in0) d;';z =V, % (r3 —(r4 +r5) —0.13r, —0.11r5 —0.1r)

3 (3-Methoxycatechol) % — Vy + (ry —0.89rg)

4 (Catechol) dT’";‘ — V% (rs + 0.71rs —(0.87r, +0, 6r10))

5 (Methylcatechol) d(rjr;s — V, * (0.98r, —(0.8975 +0,54r11 +712))

6 (Dimethylcatechol) dd_n;é — V, + (0.9975 —(0.97 +713))

7 (Trimethylcatechol) d‘rir? — V, + (0.99r)

8 (Solids) ddlf =V, * (r2 +0.83r15 +0.83ry3)

9 (OL_fixed/misc. CH) % — ik (r)

10 (#:0) d’gt“’ =V, % (0.14(r12 4713 —(0.1176 +0.4 119 +0.47 % 11))

11 (Hy) d';’t“ = Vi * (0.01(rg +75 +7g +710) +0.02r7 +0.03(r11 +r12+713))

12 (CHy) d’;’t” =V, (0.26r10 +0.21r11)

13 (C02) d’gt” =V, # (0.28rg +0.73r10 +0.76r1;)
using the non-linear least-squares solver Isqnonlin, which has proven to was smaller than the calculated CI, it was considered as statistically
be fast and robust for the problem described. Table 6 shows the limits of insignificant and it was removed from the model. This procedure was
the parameters A; and E, ;. The threshold for experimental values was set repeated iteratively, each time reoptimizing the reduced model, until all
to 0.1 wt% of the total biomass. remaining parameters were statistically relevant.

To optimize and to evaluate the robustness the model, a cross vali- Three different statistical error calculations were carried out to
dation (CV) was applied, more precisely a 5-fold CV [78]. evaluate the validity of the model. In addition to the R2 value, the mean
Cross-validation is commonly used in the field of kinetics [79,80]. In this absolute error (MAE) and the root mean square error (RMSE) were also
case, 15 of the 17 experimentally determined points were randomly calculated (Egs. (14), (15), (16)) with n as the sample size.
assigned to 5 different groups, each with 3 points. The optimization N
process was performed five times, each one omitting the points of one of R2=1- Z(Yiﬁ"l’—_Yi-“‘k)z 14
the groups. To avoid large fluctuations for 3-methoxycatechol, Point 1 > Yiewp — Yiexp)

(Tr = 300 °C, tg = 0 min) and point 6 (Tg = 325 °C, tg = 0 min) were
always included in the training databas.e. .For each kme.tlc par'ame'ter MAE = = Z |Yi.exp _ Yi.cazc} (15)
60; € {Aj, Ea;}, the sample standard deviation across all five validation n=

groups was computed:

18
RMSE = \/n Z (Yi~exp — Yi.calc)2 (16)
12 T

. . 3. Results & discussion
k =5 is the number of groups and 6; is the mean parameter value.

The confidence interval (CI) for each parameter 6;; was calculated based
on the standard deviation of the estimates obtained from the five cross-

3.1. Carbon mass balance

validation groups, assuming a Student’s t-distribution with four degrees The carbon mass balances of the various HTL experiments (see Fig. 7)
of freedom. The general form of the two-sided confidence interval is confirm the observations and conclusions drawn in the previous study
given by Eq. (13) v.vhere a %s.the significance level, Wthh. Issetto 0-05. n [65]. The influence of temperature Ty clearly outweighs the influence of
this study. t,/2x-1 is the critical value from Student’s t-distribution with the holding time tg, as can be seen, for example, from the decrease in the
k —1 degrees of freedom. organic carbon content in the liquid phase from 30 to over 40 wt% at Tg
=300 °C and Ty = 325 °C to below 20 wt% at Tr = 350 °C. Even if the

cI 9, = t{1/2. k-1 13 . . . .
(1o (6)) =57 * Jk a3 reaction is stopped directly after the heating time, the value at T = 350

°C for the organic carbon is just under 30 wt%. The carbon content in the
solid is also higher at the highest temperature in almost all cases than at
the others, regardless of the holding time tg, which indicates an
increased repolymerization rate. The decisive factor here is the high
density of functional groups on the oligomers and monomers [58]. At

The best performing parameter set, the one with the lowest objective
function value min(f(k)) was selected. If the absolute parameter value

Table 6 the same time, aromatics are likewise a source of char and tar formation,
Boundaries for A; and E,; and threshold for experimental data used for the especially at higher temperatures [81]. In addition, typical pyrolysis
optimization. reactions, such as radical-induced reactions, further contribute to
Lower bound Upper bound increased char formation [82]. This may be one reason why more carbon

A 20 10 ends up in the solid, especially at higher temperatures. The experiments
Eaj 0 kJ/mol 1000 kJ/mol at T = 300 °C and holding times from tg = 10 min are an exception
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Fig. 7. Carbon mass fractions at different reaction temperatures Ty and different holding times tg and before processing (feed); brown: C mass fraction solid; green:
organic C mass fraction liquid phase; blue: inorganic C mass fraction liquid phase; red: C mass fraction gas phase (calculated from the detected gas compounds); and

gray: deficit of carbon.

here. While the carbon content in the solid is largely constant at the
other reaction temperatures investigated, a clear increase can be seen
here. The lower reaction rate of repolymerization could be one reason
for this observation. The gases hardly play a role with regard to the
distribution of carbon. This applies both to permanent gases, where only
CO4 and no CO was detected, and to hydrocarbons. Among the latter,
CH,4 is the most frequently produced gas. For this reason, too, it was
decided to focus the model mainly on the aromatics and to allow the
gases to occur only as by-products.

3.2. Experimental yields aromatic compounds GC-FID

The most interesting part of the carbon mass balance for this study is
the dark blue section, which represents the organic carbon. Approx. 5 —
30 wt% of the carbon in this section can be traced back to aromatic
monomers. GC-FID and GC-MS were used to identify and quantify these
compounds. Based on the previous work, we know that the primary
monomers are catechols. While we mainly focused on the influence of
temperature, in this study we also looked at the influence of holding
time. Fig. 8 shows the yields of various aromatic monomers at T = 300
°C, 325 °C and 350 °Cand holding times of tg = 0 — 30 min. The highest
yield of a single substance, in this case 22.0 mg catechol per g biomass,
was achieved at Tg = 325 °C and a holding time of tg =1 min. In
principle, it can be stated that the yields are highest at T = 325 °C
compared to the other two investigated temperatures. While at T = 300
°C intermediates with methoxy groups such as syringol or 3-methoxyca-
techol are still present, at Tg = 350 °C repolymerization or decomposi-
tion, e.g. by hydrolysis, is more pronounced. The second point can be
confirmed by the fact that the methylated catechols in particular have

not yet passed through a maximum at the two lower temperatures at tg
= 30 min or that largely stable yields can be observed over several of the
holding times investigated. Overall, the results fit well with the reaction
scheme in Fig. 4. The intermediates such as 3-methoxycatechol are
clearly visible and, in contrast to the other catechols, they decrease
rapidly even at a low reaction temperature of Tg = 300 °C. This indicates
the instability of the methoxy group under the given conditions. As in
the postulated reaction mechanisms in Fig. 5, this can occur either by
hydrolysis or by the formation of radicals, which then contribute to the
formation of the methyl catechols further down the line. The low yields
of syringol and guaiacol with 2 mg per g biomass or less and only
detectable at Tg = 300 °C support the decision of not considering these
two substances in their own right in this model. A more detailed dis-
cussion about the monomer yields compared to state-of-the-art research
on this topic can be found in our previous study [65].

3.3. Evaluation of the kinetic modelling

Fig. 9, Fig. 10 and Fig. 11 show the yield curves of the individual
components based on the developed kinetic model. In addition, the
measured yields including error bars are also shown. Four graphs are
shown for each of the three reaction temperatures. All components
involved in the reaction components are plotted with the exception of
water. Table 7 lists the calculated errors (Rz, MAE and RMSE) for the
aromatic monomers. Due to the assumption that the original kraft lignin
is no longer present in the black liquor after heating starts, its degra-
dation is very rapid over all three temperatures and does not show any
major differences. Consequently, there are also hardly any visible dif-
ferences for the solid and the fixed oligomers and other hydrocarbons, as

N
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Fig. 8. Product yields in mg per g biomass of the different aromatic monomers with focus on compounds with methoxy groups and hydroxy groups. The experimental
results at different holding times ty at three different reaction temperatures Tr = 300 °C, 325 °C and 350 °C (from left to right) are shown. The analysis was done by

GC-FID.
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aromatic monomers; bottom left: gaseous compounds; bottom right: methylated catechols.

these are formed primarily from the lignin. The intermediate OL_int is
visible at all three temperatures, although the reaction times are slightly
shorter with increasing Tg, as can be seen from the slightly faster
decrease in yield. The very stable values for fixed oligomers and solids
after the heating time fit well with the carbon mass balances. Only at Tg
= 300 °C is the increase in the solid phase in the carbon mass balance
not visible in the calculated data from the kinetic model for solids and
fixed oligomers.

The main focus of the work is on the aromatic monomers. Together
with the results of the simulation for the gaseous compounds, a good
overview of the depolymerization of lignin under hydrothermal

10

conditions is obtained. The gas components Hy, CHy4, and CO;, are clearly
overdetermined at Tg = 300 °C and 325 °C, but at T = 350 °C the
simulated values for Hy and CO5 correlate well with the experimental
results. The significantly higher yields of the two components at lower
temperatures can be explained by methanol reforming in supercritical
water, which is accelerated at higher temperatures [75]. Methanol
reforming is already integrated in the model directly from T = 300 °C,
as the model did not take account of methanol as a theoretical product of
3-methoxycatechol to catechol, due to the points already mentioned.
The values for methane are clearly too high. This is a product of the
gasification reactions of catechol and methylcatechol. Studies on the
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Table 7
Error estimations for the simulated aromatic monomer compounds at different reaction temperatures Tg.
300 °C 325°C 350 °C
R? MAE / g*g~! RMSE/ g*g ™! R? MAE/ g*g”! RMSE/ g*g ! R? MAE/ g*g? RMSE/ g*g !
3-Methoxycatechol 0.97 0.0008 0.0011 0.94 0.0001 0.0002 n.a. n.a. n.a.
Catechol -4.5 0.0033 0.0037 0.30 0.0032 0.0038 0.98 0.0004 0.0005
Methylcatechol 0.92 0.0003 0.0003 0.28 0.001 0.0012 0.99 0.0005 0.0005
Dimethylcatechol 0.4 0.0004 0.0005 0.09 0.0007 0.0008 0.24 0.0008 0.0011
Trimethylcatechol n.a. n.a. n.a. 0.02 0.0001 0.0002 0.02 0.0004 0.0005

gasification of catechol under hydrothermal conditions by Kruse et al. at
700 °C and 400 bar have shown that virtually no methane is produced at
very low catechol concentrations [83]. This may also apply to milder
conditions, such as those used for hydrothermal liquefaction. However,
since we assume a methane source and given that the combination of
methyl and hydrogen radicals to methane cannot be represented due to a
lack of data, methane is present as a product of the gasification of the
monomers. In addition, due account needs to be taken of the fact that it
is difficult to detect and quantify all of these gases due to the very small
quantities of gas formed. The main focus is on the monomers, for which,
in contrast to the other components, there are meaningful error calcu-
lations (see Table 7). To emphasize the methylation reactions, the three
methylcatechols are shown in a fourth image (bottom right) in the
figures.

At all three different temperatures, it is evident that many decisive
reactions already take place during the heating time. This is particularly
clear with 3-methoxycatechol, which shows a significant maximum
within 10 min at all three reaction temperatures. The decisive factor
here are the high experimental values at T = 300 °C. Due to the high
syringyl group content in the black liquor used, this is the logical
consequence, as the methoxy groups are already split off at lower tem-
peratures or are converted to hydroxyl groups. In a study on pyrolysis
reactions by Pan et al. with catalysts, the decomposition of syringol to
phenolic compounds was investigated at higher temperatures (above
300 °C) with the result that radical reactions typical of pyrolysis in
particular take place [74]. In addition, other studies on demethoxylation
with different catalysts already show syringol decomposition at below
300 °C [84-86]. Due to the special properties of water, we assume that
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in our case both are possible at temperatures below or around 300 °C
and for this reason the intermediates guaiacol and syringol are already
almost completely degraded after the heating phase and 3-methoxycate-
chol as a prominent intermediate of syringol degradation also reaches its
maximum. The coefficient of determination for 3-methoxycatechol is R
> 0.9 for T = 300 °C and Tg = 325 °C. In contrast, the developed model
overestimated and underestimated catechol at these two temperatures.
Nevertheless, the model is satisfactory as the curves match the experi-
mental values. Although the R? value for Tg = 325 °C is 0.3 and even
negative at Tg = 300 °C, the absolute (MAE) and weighted error (RMSE)
is not too high between 0.032 and 0.038 g/g biomass. One major issue
with the R? value is the high fluctuation for extremely low values for
example di and trimethylcatechol yields. Since R? actually represents the
deviations of the model compared to the deviations that a simple
average value would yield, when the experimental values are always
near each other and have low values, it follows that small deviations can
lead to very bad R? values, The same thing occurs when the curve esti-
mated by the model has the right shape but does not pass through the
data points like the catechol at Tg = 300 °C and 325 °C. Therefore, we
decided to use MAE and RMSE values as well, which are measurements
of absolute error. These show that our model is not too far removed from
the experimental data.

Kinetic modeling shows that the additional route via OL_int to
catechol is probably not sufficient to reach the peaks of the experimental
values at tg =0 — 5 min. Due to the fact that the experiments only
produced very low values for guaiacol (see Fig. 8), it would be
conceivable to improve the model by conducting experiments at lower
temperatures, such as in the previous study where temperatures go
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down to Tg =250 °C [65]. Based on this type of data, the reaction
pathway assumed by Schuler et al. could possibly be represented [87,
88]. On the other hand, however, it must be considered that the
near-critical range is already further away at a reaction temperature of
Tr = 250 °C and ionic reactions probably dominate. This raises the
question of whether it makes sense to lower the temperature range to
this extent for a model to describe the depolymerization of lignin under
near-critical conditions. A more appropriate approach than lowering the
temperature would be to investigate the yields occurring during the
heating phase. However, these experiments need to be designed for the
phase transition and the near-critical range in order to avoid fluctuations
caused by these transitions as far as possible. At Tg = 350 °C, when the
radical-induced reactions in particular are dominant, for instance the
methylation of the catechol, the model provides a very good result with
an R? = 0.98 and very low errors. The same also applies to the various
methylcatechols as secondary products. This shows clearly that the
strength of the model lies in these primarily radical reaction steps. The
single methylated catechols in particular are very accurately repre-
sented by the kinetic model (R2 =0.28-0.99, MAE, RMSE < 0.0012 g/g
biomass). The calculated values for the di- and trimethylcatechols are
also within the range of the experimental values. Although the R? values
are extremely low in some cases, due account must be taken here of the
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trimethylcatechol, have a large influence on the R2 value. In contrast,
the MAE and RMSE values are significantly better. An important point
that still needs to be discussed here is the repolymerization of the
multiple methylated catechols. In the initial model, repolymerization of
dimethylcatechols is present, but not for trimethylcatechols. This deci-
sion was based on the temperature range studied up to Tg = 350 °C. We
know from other experiments that the yields of all aromatic monomers
decrease sharply at higher temperatures [65], but this step is not rele-
vant for the model in the temperature interval studied, as the cross
validation will also show later.

The parity plots in Fig. 12 confirm the impression that the model
accounts very well for methylation in particular. Furthermore, it seems
to be a reasonable approach to combine 3-methylcatechol and 4-methyl-
catechol into one group. The results are satisfactory and at the same time
this makes the model less complex. In addition to the successful inte-
gration of the methylation, the second new finding, the kinetic model
also represents the degradation of syringyl groups to catechol via 3-
methoxycatechol very effectively. The major deficiency is catechol at
Tr = 300 °C and 325 °C, which is illustrated clearly by the parity plots.
The scattering over -20 % and + 20 % deviation from the experimental
values is clearly evident. The model can still be optimized in this area.
Overall, it can be stated that the model satisfactorily represents the
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depolymerization of lignin in BL under the given conditions in batch Table 8
experiments. Due to the similar product distribution in initial contin- Activation energies E,_ j, Arrhenius factor A; and the respective rate coefficients
uous experiments (see Worner et al. [65]), the model is well suited for k; for each reaction temperature for the 10 reactions of the developed model
making initial predictions as to how a continuous experimental plant after cross validation.
tailored to specific products should be designed. Reaction Enj/ Aj/- k(300°C)/ k(325°C)/ k(350°C)/
Number kJ*mol ! min~! min~ min~
o 1 0 4.38 1.33010° 1.33 ¢ 10° 1.33¢10°
3.4. Results of 5-fold cross validation
+0.13
. . - . 2 0 4.30 . 0 . 0 . 0
The 5-fold CV can be used to identify statistically irrelevant param- 123410 123410 123010
eters and reaction paths in line with the kinetic parameters and the £0.15
model can be optimized if necessary. Fig. 13 shows the optimized re- 3 15.54 4.02 810e10!  928¢10°"  1,05¢10°
action scheme. The gray dashed lines and reactions show those that were +2.81 +0.41
removed from the model using the CV. For a deeper analysis of the 4 33.12 3.42 381¢10°" 51010  6.66e10°"
model, an interpretation of the calculated kinetic parameters and the 1896 1022
rate constants for each of the three reaction temperatures is provided 6 125.29 411 338e10-1  1.0110° 279 ¢ 100

(see Table 8). The kinetic parameters for all 13 reactions in the original

reaction network before applying CV can be found in the Supporting #1038 =003

Information in Table S7. Additionally, the positive or negative change in 7 1485 384 6781071 772¢1071 871107
the estimated errors compared to the errors from the non-validated £17.35 +0.41
model can be found in Table S8 Looking at the parameter table (see 8 13.65 244 17001071 1916107 214107
Table 8), it can be seen that the reaction constants for the first two re- +16.67 +0.31
actions are 0 kJ/mol and therefore have no influence on the model, 9 234.95 0.69 4210103 334102 224610
regardless of the temperature. The same applies to R5 with an Eps 1 42.00 1 0.54
= 0.01 kJ/mol. In this case, even the entire reaction pathway from 10 121.46 1.30 2110102 612102  1.63e10-!

OL._int to catechol is not statistically relevant, as the model is almost
exclusively about 3-methoxycatechol. Accordingly, this can be removed
completely. Interestingly, the catechol peak at tg = 1 min and Tg = 325
°C cannot be achieved with this reaction pathway, something which was +£45.69 +£0.34
originally deemed to be feasible. Instead, this pathway has little to no
effect on the model. In contrast to R5, the other two removed reaction
steps R11 and R13 have exceedingly high activation energies. However,
both reactions play scarcely no role in the investigated temperature
range. Possibly both would become more relevant at a higher reaction
temperature. However, since the yield of aromatic compounds decreases
drastically with increasing reaction temperature, both reactions can be
removed to optimize the model. In the case of R11, it is likely that the
gas production via catechol decomposition in R10 is already sufficient
and therefore the decomposition of methylcatechol is neglected in the
model. Overall, the performance of the model has become even better
and faster without having too great an impact on the results. These re-
sults can be found in the Figure S3-1-3 and Table S6 in SI.

The depolymerization of the lignin (R3), as well as the direct

— I - -
| Lignin II e { OL_fixed / misc. CH |

+13.82 +0.06
12 344.60 -1.17 2.51e10°* 5151073 8.30010°2

conversion to the fractions of fixed oligomers and solids (R1 & R2),
which do not contribute further to the formation of aromatic monomers,
exhibit extremely low activation energies Ea_ ;. This suggests that under
the given conditions the activation energy for depolymerization has
scarcely no role to play and proceeds independently of it. In accordance
with the model, it is also the case that a large proportion of biomass is
removed from the reaction network directly at the beginning, presum-
ably already in the heating phase, remaining in the solid or the fixed
oligomers. Noticeable are the high-rate constants of the reactions over 3-
methoxycatechol to methylcatechol (R4, R6, R7) with kj > 1 min~ !,
especially at Tg = 350 °C. In the case of R4 and R6, this can be explained
by the veryhigh peak of 3-methoxycatechol and the subsequent rapid
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| OL_int |

I Trimethylcatechol I

9y /' HZ' HZO

key ko [ 2 kiz
9
H,: \

I Dimethylcatechol I
H

N

\CHS-

Methylcatechol I—

ke ks

3-Methoxycatechol

H,0 CO,+2H,
3C0,+3CH,+5H,

Fig. 13. Updated reaction scheme after 5-fold cross validation. The light gray reaction paths were classified by CV as not relevant for the kinetic model.
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decrease over a few minutes. Accordingly, the experimentally recorded
values also cause the reaction constants to increase. For R7, catechol to
methylcatechol, on the other hand, the already high yield of methyl-
catechol shortly after the heating phase probably plays a role. There may
also be another reaction pathway to methylcatechol that was not
revealed by the experiments conducted. Interestingly, the assumed ef-
fect due to repolymerization via the aromatic compounds is very low
(R12 & R13). This is shown by the high activation energies together with
the low-rate constants up to the order of 10~ min~!. The kinetic model
here definitely favors the formation of solids via the direct path from the
lignin. However, this evaluation needs to take account of the small
proportion of the total mass accounted for by the compounds on which
the work is focusing. Repolymerization will almost certainly have a
major influence, especially with regard to higher temperatures. Repo-
lymerization is also conceivable within reactions R1 and R2. The same
applies to the decomposition of methylcatechols into gases (R11, see
Table S7 in SI). In contrast, the decomposition of catechol into gases is
more relevant (R10).

3.5. Comparison with other kinetic studies of lignin depolymerization

For validation of the model, studies on the depolymerization of lignin
under hydrothermal conditions, which have also developed a kinetic
model, are used. In their two studies, Wahyudiono et al. investigated the
kinetic parameters of the conversion of model substances under hy-
drothermal conditions. The study on catechol [71] was carried out at
higher temperatures between Tg = 370 — 420 °C at a pressure of 300 bar.
The rate constant k for the catechol conversion is in the order of 10™% -
1072 min~!. This is significantly smaller compared to the calculated
values of this work for reaction R7 and R10. The activation energy of
50.72 kJ/mol, on the other hand, is much closer to this study, compa-
rable to Ep 7 of 56.24 kJ/mol. The comparison with the parameters for
the conversion of guaiacol in the second study [72] reaches a similar
conclusion, despite the fact that temperatures in the subcritical range
are also investigated here (Tg = 210 — 400 °C). However, in this case as
well, the kinetic parameters do only approach those from this study for
the reactions R4 — R6, which are closest to a conversion of methox-
yphenols, at high temperatures in the supercritical range. A major dif-
ference here is that a pressure of 8 MPa was used in the low temperature
range. Furthermore, this process does not include salts or other cata-
lytically active substances that can accelerate or favor the reactions to
certain products. Yong and Matsumura have determined higher rate
constants in their work on the depolymerization of lignin under
subcritical and supercritical conditions in water [68]. The values for
lignin decomposition to guaiacol are between 6.42 min~! (T = 300 °C)
and 12.18 min~! (Tr = 370 °C). Comparable to this are R3 and R4,
which describe the lignin decomposition to 3-methoxycatechol. In
particular, R4 with a rate constant of k = 1.09 min~! at Tg = 350 °C is
close to the values from the study. In their work, they also included the
lumped group TOC in their reaction network, which describes the other
organic products in the liquid phase. The comparison with R1 is there-
fore useful, as the other organic products based on the biomass are also
included here. The rate constants of 6.35 - 10! min~! to 1.09 min~?
(300 - 370 °C) enclose the rate constant calculated for our case, which is
independent of the activation energy. However, due to the special design
of their experimental apparatus for these kinetic measurements,
exceedingly small continuous flow reactor with 0.5 — 10 s residence
time, mass and heat transfer effects can occur to different degrees
compared to the batch operation used in this study. A study comparable
to this one in terms of experimental design is that of Forchheim et al.
[56]. In this study, a formal kinetic model with pseudo-first order was
also developed on the basis of batch experiments on lignin depolymer-
ization under hydrothermal conditions. However, the resulting rate
constants are lower than in this study, e.g. the reaction of lignin to
methoxyphenols to catechol. A consistent finding is the negligible
repolymerization from the monomers to solids in accordance with the
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models compared to the reaction from lignin directly or via oligomers to
solids. Interestingly, the calculated and experimental yields for catechol
remain largely constant in their work, which is definitely not valid in the
case of this study. The reasons for the larger differences despite the
similar setup could be related to the feedstock, which is enzymatically
produced lignin and not kraft lignin. The literature hardly contains any
work that deals with the methylation of catechol in kinetic models for
lignin depolymerization. The conversion of a hydroxyl group to a methyl
group and the resulting cresols are discussed more frequently. This is
also imaginable for a hypothetical pathway from syringol to pyrogallol
(benzene ring with three hydroxy groups) and a subsequent conversion
to methylcatechols, but would not be applicable to the results described
here. As already mentioned, the multiple methylated catechols strongly
indicate radical reactions. One work in which at least the reaction of
catechol to methylcatechol is integrated in a kinetic model is that of
Schuler [89]. For Tg = 300 °C the reaction constant is k = 3.54.10°2
min~!, and at Tgr =350 °Ck = 2.63-10~2 min~'. Thus, the values are
clearly below those from the model developed here for R6. Even the rate
constants for R7 and R8 are significantly higher. The heating period,
which is not in a sand bath but in a GC oven, i.e., heat transfer via air,
may have played a role in the differences. Overall, it can be stated that
the results provided by the developed kinetic model correlate well with
the literature data. The difficulty in comparison is mainly due to the
different experimental setups as well as the different lignin types. In
terms of the results, this study tends to be more in line with the very fast,
often continuously operated reactors with a low flow rate, such as those
of Yong et al. or Abad-Fernandez et al. who also achieved similarly high
or even higher values for lignin polymerization to monomers and used a
reactor with an ultra-fast heating time [68,90,91].

3.6. Comparison with softwood data

In the last part of this paper, a comparison is made with data from
tests with softwood. In the previous study, it was shown that the yields of
aromatics obtained from the depolymerization of lignin when using
black liquor directly differed only slightly when using BL based on
softwood or hardwood [65]. The major difference between the two is
that 3-methoxycatechol does not occur as an intermediate in softwood
experiments, as it can only be formed via syringyl groups. Therefore, it is
reasonable to assume that a kinetic model based on the use of hardwood
BL also provides suitable values for softwood BL. Accordingly, the route
via 3-methoxycatechol was removed from the model developed in this
work. As before, the kinetic parameters were calculated based on the
results of the experiments with hardwood BL. Fig. 14 shows the simu-
lated yield curves for T = 350 °C and compares them with the exper-
imentally determined yields for HTL experiments with softwood BL at Tg
= 350 °C and three different holding times tg = 1, 5 and 10 min. In fact,
the points are well within the trend of the curves, despite the presence of
some deviations. Overall, this is a promising result, showing as it does
that the yields based on softwood depolymerization can also be repre-
sented with only minor changes to the existing kinetic model. Possible
improvements could be the introduction of guaiacol as a single
component, as this is by far the most important intermediate for catechol
formation in the depolymerization of softwood lignin. However, further
experiments with softwood BL need to be conducted for this purpose.
Finally, it is shown again that the depolymerization is less influenced by
the type of wood, but rather by the other components in the black liquor,
whereby the various salts should be emphasized in particular.

4. Conclusion

The kinetic model developed in this study gives adequate simulations
of the depolymerization of lignin under HTL conditions. A unique aspect
here is the direct use of black liquor in which the lignin is dissolved. As a
result, in addition to the effect of the catalytic effect of the water under
the given conditions, the high concentration of salts such as sodium



M. Worner et al.

— Catechol
0.012 | ——— Methylcatechol )
Dimethylcatechol
0.01 Trimethylcatechol | |

Product yield Yx / g-g"I biomass

(=] o o o

o (=] (= (=]

o o o o

N H [=2] (<]
T

0 10 20 30 40
Holding time te [ min

Fig. 14. Simulated yields based on the developed kinetic model without the 3-
Methoxycatechol pathway (R4, R6) (lines) in comparison with experimental
results of HTL with softwood BL. More information about these experiments can
be found in Worner et al. [65].

sulfide also influences depolymerization. The model describes the initial
degradation of the lignin molecule to monomers, in the case of this work
preferably catechols. The primary reaction pathway via 3-methoxycate-
chol, which has not yet been described in this way, was included in the
model. In addition, the focus was on the subsequent methylation of
catechol, probably due to radical reactions, as these are the main
products among the aromatic monomers alongside catechol. Both
experimental observations were successfully incorporated into the ki-
netic model. With the help of cross validation, it was afterwards possible
to reduce the reaction scheme and the number of kinetic parameters,
improving parameter identifiability without losing relevant informa-
tion. The comparison with literature proved to be difficult, as although
there are studies on lignin depolymerization in hydrothermal condi-
tions, certain parameters are different. Nevertheless, similarities can be
found in literature. The studies with very fast heating rates in particular
show similar high-rate constants to those in this study, which are pre-
sumably due to the high salt concentration and the use of Kraft lignin. In
addition, the literature also shows that the monomers and their forma-
tion only represent a small part of the entire reactions and products. The
majority takes place in the oligomers and in the solid fraction. Although
repolymerizations also take place between monomers, these contribute
only slightly to the overall production of the solid. Finally, it was shown
that the developed model may also provide useful results for the depo-
lymerization of softwood lignin when black liquor is used directly in the
HTL. For this purpose, only the path via 3-methoxycatechol had to be
removed. This shows that it is primarily the salts in the black liquor that
influence depolymerization. In summary, a promising kinetic model
based on experimental data was developed in this work, which contains
new proposed reaction pathways and whose range of application can
possibly be extended.

Abbreviations

Tr Reaction temperature
tr Holding time

th Heating time

GHG Greenhouse gases

BTX Benzene, Toluene, Xylene
MtA Methanol to aromatics
HTL Hydrothermal liquefaction

BL Black liquor
GC Gas chromatography
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FID Flame ionization detector
TCD Temperature conductivity detector
ISTD Internal standard

Y Product yield

MS Mass spectroscopy

S Syringyl-

G Guaiacyl-

w Mass fraction

R Universal gas constant

k Reaction constant

Ex Activation energy

A Arrhenius factor

r Reaction rate

m Mass

p Pressure

SC Stoichiometric coefficient
p Mass concentration

\% Volume

n; Amount of substance

Ccv Cross validation

CI Confidence intervall
MAE Mean absolute error
RMSE Root mean squared error
n Sample size
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